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Improving the Stability of Metal Halide Perovskite

Materials and Light-Emitting Diodes

Himchan Cho, Young-Hoon Kim, Christoph Wolf, Hyeon-Dong Lee, and Tae-Woo Lee*

Metal halide perovskites (MHPs) have numerous advantages as light emitters
such as high photoluminescence quantum efficiency with a direct bandgap,
very narrow emission linewidth, high charge-carrier mobility, low energetic
disorder, solution processability, simple color tuning, and low material cost.
Based on these advantages, MHPs have recently shown unprecedented rad-
ical progress (maximum current efficiency from 0.3 to 42.9 cd A™") in the field
of light-emitting diodes. However, perovskite light-emitting diodes (PeLEDs)
suffer from intrinsic instability of MHP materials and instability arising from
the operation of the PeLEDs. Recently, many researchers have devoted efforts
to overcome these instabilities. Here, the origins of the instability in PeLEDs
are reviewed by categorizing it into two types: instability of (i) the MHP mate-
rials and (ii) the constituent layers and interfaces in PeLED devices. Then, the
strategies to improve the stability of MHP materials and PeLEDs are critically
reviewed, such as A-site cation engineering, Ruddlesden—Popper phase, sup-
pression of ion migration with additives and blocking layers, fabrication of
uniform bulk polycrystalline MHP layers, and fabrication of stable MHP nano-
particles. Based on this review of recent advances, future research directions
and an outlook of PeLEDs for display applications are suggested.

formamidinium (FA) CH(NH,),") or
an alkali-metal cation (e.g., Cs*, and
partial doping of Rb* and K*), B is
a transition-metal cation (e.g., Pb*,
Sn?*), and X is a halide anion (CI-, Br,
[7). MHPs are suitable for the emis-
sion layers in LEDs because MHPs
have: (i) a high photoluminescence
quantum efficiency (PLQE) (up to
90% for CsPbBr; mnanoparticle (NP)
solution)l®], (ii) very narrow emission
linewidth (full width at half maximum
(FWHM) = 16.5 nm for CsPbBr3),”! (iii)
high charge-carrier mobility (electron
mobility gt = 1000 cm? V! s7! for CsPbBr;
single crystals,®Bl 4500 cm? V71 s7! for
CsPbBr; NPs%)) comparable to that
of Si (Ue = 1000 cm? V-1 571,00 and
(iv) low energetic disorder (trap den-
sity = 1.13 x 10° cm™ for FAPDbBr,
single  crystals,!'!l  Urbach  energy
= 15-30 meV[I21]), Furthermore, low
material cost, easy tuning of electronic
properties (e.g., bandgap) by simple sub-

1. Introduction

Metal halide perovskites (MHPs) have stimulated intense
research in the field of light-emitting diodes (LEDs), and
researchers have achieved significant breakthroughs in the
electroluminescence (EL) efficiency of MHP LEDs (PeLEDs)
in only three years.'>l MHPs are semiconducting materials
that have an ABXj perovskite crystal structure where A is
an organic cation (e.g., methylammonium (MA) CH3;NH;*,

stitution of constituents, and applicability of diverse solution
processes at low temperature (<100 °C) expand the potential
of MHP emitters for applications in large-area displays. Par-
ticularly, a remarkably wide color gamut arising from the
narrow emission linewidth of MHPs (FWHM < 20 nm) com-
pared with those of organic emitters (FWHM = 40 nm) and
inorganic quantum dot (QD) emitters (FWHM = 30 nm) is a
distinct advantage of MHPs as alternative light emitters for
vivid natural-color displays.
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Research on PeLEDs that can exhibit bright EL at room
temperature began in 2014.143] The EL efficiency was
moderate (maximum current efficiency CEp,, = 0.3 and
0.577 cd A7), but these pioneering studies were enough to
arouse intense interest among many researchers in the field
of optoelectronics. In fact, early PeLEDs based on MHP emis-
sion layers were reported before 2014, but they showed bright
EL only at cryogenic temperatures!'® or emitted from fluores-
cent organic dyes (leading to a broad EL with FWHM = 90 nm),
not from corner-sharing PbX, octahedra.l'’l EL of PeLEDs that
was barely detectable by the naked eye at room temperature
was reported in 2011, but device efficiency could not be quanti-
fied because the brightness was too low.I'®! The EL of PeLEDs
at room temperature is limited due to: (i) thermal dissociation
of excitons, (ii) slow bimolecular recombination caused by from
spin—orbit coupling (Rashba effect) and anisotropy of organic
A-site cations,!'>2% and (iii) the lack of optimal device structures
for efficient charge-carrier injection and balanced transport of
injected charge carriers. The thermal dissociation of generated
excitons suppresses geminate radiative recombination and thus
limits the luminescence efficiency. Also, large energy barriers
between MHP emission layers and charge-injection/transport
layers can reduce the efficiency of charge injection,l™”! and
charge unbalance in the emission layers can retard radiative
recombination./?!!

The academic and technological background for fabricating
efficient and bright PeLEDs has been established, along with
developments of organic LEDs (OLEDs), QD LEDs, and MHP
solar cells (PeSCs) over decades. The great progress in OLEDs
and QD LEDs has provided effective strategies to construct
efficient light-emitting devices and has yielded in depth under-
standing of the excited-state properties of light emitters.[22-26]
Furthermore, recent intensive research on PeSCs has provided
understanding of the electronic and structural properties
of MHPs, and effective methods to control the morphology of
MHP polycrystalline films.’-2’) Developments in these fields
have revitalized studies of PeLEDs and significantly increased
the EL efficiency and brightness.}* 1]

The recent rapid progress in EL efficiency of PeLEDs
has been unprecedented; the record EL efficiency of visible
PeLEDs steeply increased from CE,,, = 0.3 to 42.9 cd A™!
(from maximum external quantum efficiency EQE, ., = 0.1%
to 8.53%) within one and a half years.l!l The EL efficiency of
near-infrared PeLEDs also greatly increased from the initial
efficiency (from EQE.,, = 0.1% to 10.4%* and 11.7%P)).
These achievements were based on diverse strategies to
improve the luminescence properties of MHP emission layers
and to facilitate charge-carrier injection and transport with a
charge balance; these strategies include fabrication of uniform
MHP polycrystalline layers,['73032 grain-size engineering,’!
modifications of the crystal structure,’>>33 in situ preparation
of MHP nanocrystal thin films,*3*3] suppression of lumines-
cence quenching inside MHP layers! and at the interfaces with
adjacent layers,® modifications of charge-injection/transport
layers!”:13303¢1 and electrodes,?”8] defect passivation,?” and
synthesis of colloidal MHP NPs.30:40]

Despite these diverse approaches and solutions to improve EL
efficiency, the industrialization and commercialization of PeLEDs
are challenging due to the low stability of MHP materials and
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PeLEDs. Low stability of PeLEDs is mainly ascribed to intrinsic
instability of MHP materials and instability arising from the
operation of PeLEDs (Figure 1). Also, the low colloidal stability
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Figure 1. A schematic illustration describing the intrinsic instability of MHP materials and instability in PeLED devices.

of MHP NPs, which are frequently used for fabricating MHP
emission layers, is another obstacle to be overcome before com-
mercialization of high-stability PeLEDs is feasible.

To overcome the instability of PeLEDs, many researchers
have devoted efforts to develop effective solutions; at this point,
a full understanding of the origins of the low stability of PeLEDs
and the possible solutions for stability problems is essential for
designing further studies. Here, we review these factors that
cause instability of MHP materials. We categorize the insta-
bility in PeLEDs into two types; i.e., instability of: (i) the MHP
materials and (ii) the constituent layers and interfaces in PeLED
devices. Then, we critically review recent studies that have tried
to improve the stability of MHP materials and PeLEDs. Based
on advances made in these studies, we present insight toward
future research directions and an outlook of PeLEDs for prac-
tical applications.

2. Origins of the Low Stability of PeLEDs

2.1. Intrinsic Instability of MHP Materials

Many MHP materials undergo significant changes in struc-
tural and optoelectronic properties under phase transitions,
thermal stress, air exposure, and illumination; some previous
review papers have reported these instabilities of MHPs.[1—#
However, such reviews have mainly focused on applications of
MHPs in solar cells. In this section, we review previous reports
about the intrinsic instability of MHPs, with a focus on how
this instability affects the luminescence properties of MHPs.
Also, we review instability of MHP NPs in the solution and
film states.
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2.1.1. Influence of the Crystal Structure on Stability

MHPs can generally have three crystal structures: cubic,
tetragonal, and orthorhombic, which can be transformed
into each other reversibly by temperature change or chemical
exchange of halide anions. The cubic perovskite structure is
highly symmetric and thermodynamically more stable than
the tetragonal and orthorhombic perovskite structures because
of the lowest formation energy among three structures.[*+*]
The structure of MHPs can be determined by calculating the
tolerance factor

R +Rx

o= —TatRx M)
"7 V2 (Ry + Ry)
and the octahedral factor
Ry
e = — 2
R (2)

where R,, Rg, and Ry are the effective radii of the A, B, and
X ions, respectively.[*>#44647] MHPs have cubic structure
(Pm3m) when 0.813 << 1.107 and 0.442 < o, < 0.895; other-
wise it has a tetragonal (I4/mcm) or orthorhombic (Pna2;)
structure. Therefore, it is very important to control the radii
of the constituent ions to make a stable cubic perovskite
structure. Considering the effective radii of halogen anions
(CI: 167 pm; Br—: 182 pm; I 206 pm), MAPbCl; and
MAPDBr; have cubic structure and MAPDI; has tetragonal
structure at room temperature.*24+46-48] Dye to the unstable
tetragonal structure of MAPDbI;, MAPDI; PeSCs exhibit signi-
ficant degradation at relative humidity (RH) > 55%, whereas
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MAPb(Br,I;_,); PeSCs retained their initial power conversion
efficiency (PCE) for 20 d (at room temperature, RH = 55%
for a day and 35% for the rest of days, without encapsulation)
when x > 0.2 (cubic structure).[*8]

2.1.2. Influence of Temperature on Stability

The MHP emission layer in PeLEDs must be thermally stable,
because it may experience high temperatures during fabrica-
tion and device operation (Joule heating),*>*% and because
PeLEDs may be used outdoors.

The most frequently used A-site cation in MHPs is the
MA?* cation. Representatively, MAPbBr; and MAPDI; have
been used as emission layers to fabricate high-efficiency
green!3+3%37.3951] and infrared®? PeLEDs, respectively. How-
ever, under thermal stress, MAPbX; can suffer from severe
degradation by the following decomposition pathways (P1)
and (PZ)[43,53—55]

CH,NH,PbX, (s) - PbX, (s) + CH,NH, (g) + HX(g)  (P1)

CH,NH,PbX, (s) — PbX, (s) + CH,X(g) + NH, (g) (P2)

The decomposition pathway of MAPbXj is still under debate
because the decomposition products from both pathways
have been experimentally measured.’>>¥ A recent study on
thermal decomposition of MAPbI; showed that both of the
decomposition pathways are possible and also depend on
temperature.’>! Pathway (P2), which is thermodynamically
favored over pathway (P1), becomes favorable as temperature
increases because kinetic hindrance of pathway (P2) is mitigated
at high temperatures.?’!

Thermogravimetric analysis measures weight loss of MHPs
as temperature is increased; the onset of weight loss indi-
cates volatilization of breakdown products, and is therefore a
measure of the stability of the compound.®8 MABr begins to
decompose at 200 °C,’% and MAPbX; begins to decompose at
200-300 °C (=220 °C for MAPDBr;,”® =200 °C,P8 =250 °C,P]
and =294 °CP3 for MAPDI;). The decomposition onset
temperature of 200-300 °C may be regarded as thermally stable,
but many researchers have reported that thermal degradation
can occur at temperatures <200 °C.°3 The optimal annealing
temperature to give the best PCE of MAPDI; PeSCs is =100 °C;
further increase in this temperature degrades device efficiency
by damaging the MHP layers, as proven by the occurrence of
Pbl, peaks at temperatures >120 °C in the X-ray diffraction
(XRD) patterns.P% Also, the intensity of Pbl, peak in XRD pat-
terns of MAPDI; films is significantly increased by thermal
annealing at 140 °C for 30 min, whereas the increase is neg-
ligible at 100 °C.° The thermal degradation of MAPDbI; layers
can be clearly visualized by conductive atomic force microscopy
(c-AFM) measurement (Figure 2).%1! Even in a nitrogen atmos-
phere, the annealing of MAPbI; layers at 85 °C for 24 h was
shown to cause a significant amount of current-less dark area
as a result of the degradation of the MAPDI;.[%! These experi-
ments clearly show that MAPDI; is not thermally stable.
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MAPDBr; has a stable cubic crystal structure and higher
Pb—X bond strength than MAPbI;, and therefore has rela-
tively better thermal stability than MAPDI;.[#*63] Irradiation of
100 suns on MAPDI; films at elevated temperature of 45-55 °C
reduces its absorption, but MAPbBr; films were found to
be stable under the same conditions.®*] However, MAPbBr;
also experiences slight thermal degradation even at <100 °C.
Increasing the annealing time of MAPbBr; emission layers
from 10 to 30 min (at 90 °C) causes slight sublimation of
MABr and reduces crystallinity, and thereby decreases the EL
efficiency of MAPbBr; PeLEDs.[2]

The thermal instability of MAPbI; and MAPbBr; can be
understood by calculating the enthalpy of formation from MAI
(or MABr) and PbI, (or PbBr,).l*%] The calculated enthalpies
of formation were 34.50 k] mol™ for MAPbI; and 6.69 k] mol~!
for MAPDBr;.[° These positive enthalpies of formation indicate
that MAPbI; and MAPDbBr; are thermodynamically unstable.
A density functional theory (DFT) calculation also yielded the
formation enthalpies of MAPbDI; (0.1 eV = -9.65 k] mol™}),
MAPDbBr; (-0.25 eV = —24.12 kJ mol™)), and MAPbC,
(-0.7 eV = —67.54 k] mol™); the comparison indicates that
MAPDI; is more thermodynamically unstable than MAPDBr;
and MAPDCL,;.[] However, contradictory to the results men-
tioned above, a study on thermal and thermodynamic stability
of MAPDX; (based on nonambient XRD and Knudsen effu-
sion mass spectrometry) concluded that MAPDCI; is more
thermally and thermodynamically unstable than MAPbBr;
and MAPDI;, and that MAPbDI; is kinetically more stable than
MAPDBr;, although MAPbDI; has smaller negative enthalpy of
formation than MAPDBr; (-403.6 = 9.7 k] mol™! for MAPDI;
and —567.5 £ 8.7 k] mol~! for MAPbBr;).>

2.1.3. Influence of Atmosphere on Stability

Atmospheric gases (oxygen and water) have profound influ-
ence during fabrication and during device operation. MHPs
are considered chemically inert in nitrogen (and in other inert
gases) and in vacuum. In the presence of residual humidity,
water diffuses quickly in MHPs (time-scale of seconds) and
the process occurs readily at relatively low levels of humidity
(RH = 10%).1 In PeSCs, moderate levels of humidity causes
water-assisted resolvation and recrystallization of MHPs, and
therefore is widely considered to be beneficial during device
fabrication.[~7% However, humidity can accelerate the degrada-
tion of MHPs under illumination. Ab initio molecular dynamics
simulations have further revealed surface reconstruction and
light-assisted formation of hydrated species of MAPbI;-H,0;
these phenomena explain why simultaneous exposure to water
and light accelerates degradation of MHPs.”!72 Despite the
fast diffusion of water within MHP layers, PeLEDs based on
a CsPbBrs—polymer composite retain basic operation ability
when operated under ambient conditions (RH = 60% and
30 °C);”¥ this temporary stability indicates that cladding the
MHPs with organic (polymer and organic small molecules) or
inorganic layers provides at least some barrier function against
diffusion of atmospheric components.”*7!

The influence of oxygen is more complex than that of
other gases. Some reports link the presence of oxygen
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Figure 2. Atomic force microscopy topography (left column) and current mapping (right column) images of MAPDbl; films that were subjected to 85 °C
for 24 h at different atmospheres. The percentages in the right column indicate the fraction of bright area that contributes to the measured current.
Reproduced with permission.®! Copyright 2015, Wiley-VCH.
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Figure 3. A) Graphical representation of the degradation mechanism of MAPbI; in the presence of light and oxygen. Absorption of a photon leaves
MAPbI; in an excited state MAPbI;*. Transfer of the photoexcited electron from MAPbI;* to O, generates superoxide O,". Superoxide decomposes
the MHP with generation of methylamine (CH3NH,), the lead salt Pbl,, iodine, and water.’®l The crystal structure was visualized using VESTA.”’]
B-D) PL spectra (B), maximum XRD peak intensities (C), and photographs (D) of MAPbBr; films with increasing air-exposure time. Reproduced with

permission.['Sl Copyright 2014, Wiley-VCH.

(and photoexcitation) to an increase of luminescence prop-
erties, (“oxygen-boost”),’¥! whereas others have linked the
presence of oxygen to degradation.””#) The boost effect has
been demonstrated by atmosphere-dependent PL experiments;
its origin has been identified as light-induced trap states that
are efficiently passivated by oxygen.®! This phenomenon is
closely related to the passivation of defects by Lewis bases,#2#3
which are thought to passivate the dangling bonds of Pb left
behind by formation of halide vacancies.[® The oxygen-related
degradation mechanism was proposed to be based on the for-
mation of superoxide species (O,7) in the presence of ultraviolet
(UV) light and oxygen (Figure 3A).767 Its reaction with the
MA moiety leads to rapid decomposition of the perovskite, and
replacing MA* with an unprotonated cation may therefore lead
to an MHP with increased stability with respect to oxygen
and light.’®l The validity of this idea is supported by the
increased humidity and photostability of CsPbBr; over
organic—inorganic hybrid perovskites in some cases,”®®] but
the thermal stability of CsPbBr; is also higher, so the effects

Adv. Mater. 2018, 30, 1704587
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are difficult to discern. Degradation mechanisms include
redox reactions at electrodes or interlayers (Section 2.2).17*86l
However, MAPDBr; films have also showed moderate air
stability in the absence of high-power illumination:* during air
exposure of 1 h, the PL intensity of MAPbBr; films just slightly
decreased until 10 min and was then saturated, and their XRD
patterns and color did not even change (Figure 3B-D).

2.1.4. Influence of Light Exposure on Stability

Exposure to light degrades MHPs even in the absence of addi-
tional degradation pathways such as light-induced generation
of superoxide 0,188 Femtosecond pump-probe spectroscopy
indicates that MABr and MAI readily dissociate under a 266 nm
pump; this result implies that UV exposure inevitably acceler-
ates degradation of organic-inorganic hybrid perovskites.® In
MAPDI;, the degradation is further supplemented by photo-
dissociation of I, into 2I, and by subsequent decomposition of
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MAPDI;, as indicated by accelerated degradation of MAPDI;
films after exposure to I, vapor.?>% This reaction suggests that
the mechanism associated with the photodissociation of halide
species might be suppressed by using Ruddlesden—Popper (RP)
layered MHP materials instead of 3D MHPs; in fact, PeSCs
with 3D/2D MHP interfaces have considerably increased opera-
tion lifetimes (10 000 h at PCE = 11%).°Y] MHP films are usually
considered stable under pulsed laser excitation®*4 but because
of the low bond strength,! low Debye temperature (=300 K for
MAPDBr;),¥ and the resulting high ion mobility (Section 2.2.1),
the films may not be stable under continuous-wave excitation.®!

2.1.5. Instability of MHP NPs in Solution and Film States

MHP NPs have shown very high PLQE (=90%) in the solution
state, and can be produced by a variety of synthesis and film-
formation processes.20304097.98] After the first EL from MHP
NPs was reported,®1% EL efficiencies dramatically increased
to =13.3 ¢d A™! for green emission and to =3.4 cd A™! for red
emission; 1911921 however, the operational stability of PeLEDs
based on MHP NPs is rarely reported. We considered and
categorized the reasons of these few reports: (i) intrinsically
unstable perovskite crystal structure in solution and film states
due to unstable organic A-site cations and colloidal insta-
bility;®®103-108] (ii) excessive removal or inappropriate treat-
ment of surface ligands on NPs;['%1%% and (iii) inhomogeneous
morphology of NP films with pinholes due to easily aggregated
or agglomerated NPs in film and solution states; these pinholes
reduce the EL efficiency of PeLEDs.[101:102.106,110.111]

The PLQE of MAPDbBr; NPs is easily degraded in the solution
state, possibly because MA* cations have low chemical stability
in the presence of moisture and heat.’®1% Although CsPbBr;
NPs in solutions®®1% and bulk polycrystalline films(''? have
shown much improved stability compared to those of MAPbBr;
NPs and films, the PLQE of CsPbBr; NPs dramatically reduced
(<10%) when they were formed into film states.'®! Organic
ligands on the surface of MHP NPs are necessary for stabilizing
and processing NPs in the solution and film states, but the
insulating alkyl chains in the ligands prevent efficient charge
injection/transport in the film state, and thereby reduce device
efficiency. Thus, ligand engineering to replace the long alkyl
chains with short chains, or to eliminate the ligands on MHP
NPs, should be conducted to further increase the EL efficiency.
However, incomplete ligand exchange or excessive elimina-
tion of surface ligands induces aggregation or agglomeration
(e.g., from 8.1 nm sized NPs to 20 nm) and thus dramatically
reduces the stability and PLQE of MHP NPs.'901%] The low
PLQE and stability of MHP NP films can reduce the EL effi-
ciency and the operational stability in LED devices. MHP NPs
in the solution state also showed low colloidal stability when
at a concentration of >5 mg mL™,[1% and they can also easily
aggregate or agglomerate during film formation; the result
is a rough film morphology (root-mean-square roughness of
~45.3 nm).I'"l These tendencies cause pinholes that prevent
the formation of uniform NP films and thus reduce the opera-
tional stability of PeLEDs by inducing a leakage current.['1%111]
To achieve high-stability NP-based PeLEDs, these low stabilities
of MHP NPs in solution and film states must be solved.
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2.2. Instability in PeLED Devices

In general, PeLEDs consist of MHP emission layers, charge-
injection/transport layers, and electrodes (anode and cathode).
Apart from the instability of the MHP emission layers,
additional instabilities of PeLEDs originate from the other
layers, interfaces, and the electrical stress during operation
of PeLEDs. The main cause of the instability in PeLEDs is
electric-field-induced ion migration that can destroy MHP lat-
tices, generate defects,!'!3] corrode electrodes,*114113] degrade
charge-transport layers,[''® and form charge-accumulated
interfaces!'’”l and a p-i-n junction.’>118-1201 Furthermore,
diffusion of metallic species from electrodes can cause a signifi-
cant decrease in EL efficiency and accelerate the degradation of
PeLEDs.

2.2.1. lon-Migration-Induced Degradation

Because of the complex ABX; stoichiometry, MHP ionic crys-
tals host a variety of defects. These include Schottky defects
(cation and anion vacancies), Frenkel defects (interstitial sites),
antisite defects, and structural defects (grain boundaries, inter-
faces, and lattice distortion by impurities).'!3] The soft lat-
tices of MHP materials with small defect-formation energy
(e.g., 27-73 meV for PbI, vacancies®¥) allow constituent ions
to escape easily from the lattices and to move along these defect
sites.['3] Especially, the grain-boundary area is a main channel
for ion migration.[21]

The mobility p,[cm? V! s7!] of ion migration can be
expressed as(??l

A -E
= — _am 3
. Texp( T ] 3)

where E, ., [eV] is the activation energy for ion migration,
ks =8.617 x 107° eV K ! is the Boltzmann constant, A is a material-
dependent constant, and T[K] is the absolute temperature.
E, . is a measure of how easily ions can migrate; it depends
on many characteristics of the crystal structure, such as the
radius of the ions, the jumping distance between adjacent
defects, and the charge of the ions.''3] Recent theoretical
and experimental studies have revealed that the migration
of halide anions is predominant over the migration of A-site
cations and lead cations, because halide anion migration has
the smallest E, ,, (0.09 eV in MAPDbBr3,1231 0.08-0.58 eV in
MAPbI;,123-1251 and 0.097) and 0.25 eVI'?¢] in CsPbBr;). Meas-
urements of ionic conductivity indicates that Br~ migration
in CsPbBr; has E,,, = 0.25 eV.12% Temperature-dependent
analysis of CsPbBr; PeLEDs showed that the current-
hysteresis area increases exponentially as T increases, with
an activation energy of 90 = 7 meV, and that the current
hysteresis is mainly caused by Br~ ion migration.”] The
halide anion migration occurs through vacancies of halide
anions, not through interstitial sites;!'?”! this was proven by
a decrease in the ionic conductivity on increasing the iodine
partial pressure, obtained by a direct-current (DC) galvano-
static polarization method.
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Figure 4. A) Schematic sample structure (a lateral device, Au/fluorine doped tin oxide (FTO)/MAPbBr3;/Au). B,C) Optical images of the sample with an
electric field (B), and without an electric field (C). D) Time evolution of cross-section of a PeSC device for 72 h under illumination in ambient conditions
(scale bar = 200 nm). A-C) Reproduced with permission.['?!] Copyright 2016, American Chemical Society. D) Reproduced with permission.l''”]

Copyright 2016, Nature Publishing Group.

The ion migration is one of the main origins of degrada-
tion in PeLEDs. Electrical stress on MHP layers can facilitate
migration of ions, which can accumulate at defect sites or at
interfaces with other layers, and cause significant degradation
of the MHP layers.'"”128 Optical imaging of a lateral struc-
ture of anode/MAPDBr;/cathode under continuous illumina-
tion with and without applied electric field (0.5 V um™) has
shown that a dark region is formed at the anode side only when
an electric field is applied (Figure 4A-C).'?] The illuminated
MAPDBr; layers exhibited an excitation-density-dependent
decrease in PL intensity and lifetime; these results demonstrate
that Br~ anion migration is activated under high excitation den-
sity and induces nonradiative recombination, which decreases
PL intensity and lifetime.l'?®] Therefore, ion migration in MHPs
can also contribute to EL quenching and the low operational
stability of PeLEDs. Light soaking generates trapped charges
at grain boundaries and interfaces; the trapped charges can
trigger irreversible degradation of MHP layers in the presence
of moisture (Figure 4D).'"”] These results imply that the degra-
dation of MHP layers can be facilitated under applied bias that
induces ion migration and consequently increases the accumu-
lation of charges at the interfaces.

Also, ion migration from MHP layers can lead to corrosion
of metal electrodes. The electric-field-induced ion migration can
cause accumulation of ions at interfaces with metal electrodes;
the accumulated ions can corrode the electrodes.[3114115.129]
Migration of I” anions corrodes metal electrodes (e.g., Ag, Al)
and creates insulating components (e.g., Agl).114115:129]
The presence of Agl was indicated by a peak at 619.4 eV that
can be assigned as Ag—I bonds in the I 3d spectrum of X-ray
photoelectron spectroscopy, ' and by a color change,*>1"%l and
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by scanning electron microscopy with energy-dispersive X-ray
analysis.'?%l The insulating Agl components facilitate degrada-
tion of PeSCs!''*115l and PeLEDs,*? possibly by generating deep
traps!**l or by blocking efficient charge injection and extraction.

Another study on the degradation of PeLEDs concluded that
spontaneous redox reactions between metal electrodes and
Pb?* cations in MHPs cause oxidation of the metal electrodes
and decomposition of the MHP layers.®® The redox reactions
occurred only when MAPbI; or Pbl, layers, which contains
Pb?* cations, were in contact with metal electrodes (e.g., Al,
Ag, Cr, and Yb); these reactions were accelerated by moisture.
The suggested pathway for redox reaction between Al and
MAPbDI; was!®!

2Al + 4CH,NH,Pb, + 2H,0 — (CH,NH, ), Pbl, -2H,0
+ 3Pb + 2AI*" +6I°

(P3)

2Al + 3(CH,NH;), Pbl, -2H,0 — 12CH,NH,I
+ 3Pb + 2AP" + 617

(P4)

However, these reaction pathways do not provide a full
understanding of why halide anion migration facilitates the cor-
rosion of metal electrodes. Therefore, pathways for the corro-
sion of metal electrodes facilitated by accumulation of halide
anions need to be further investigated.

Furthermore, ion migration can cause degradation of the
hole-transport layers, including 2,2",7,7-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9"-spirobifluorene  (spiro-MeOTAD)
by forming spiro-MeOTAD-I coordinations, and consequently
reduce the hole-transporting ability;1 this result suggests that
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other materials that are used as hole-transport layers in PeLEDs
can also be degraded by coordination with migrated halide anions.

Although electrical-field-induced ion migration degrades
device stability in the long run, it does not always hamper
EL in PeLEDs. Electrical stress on PeLEDs temporarily
increases luminance and EL efficiency, possibly due to trap
filling.[73451:5273.130.311 For  example, the luminance of a
CsPbBr; PeLED increased by >300% at 350 s of operation,
then decreased.”! Under multiple electrical scans of PeLEDs at
different temperatures (180, 220, 260, 300 K), luminance and
EQE increased with the number of scans only at 260 and 300 K;
the authors ascribed the temporal increase in luminance and
EL efficiency to trap filling by local migration of excess mobile
ions, and ascribed the maintenance of the luminance and EL
efficiency at lower temperatures (180 and 220 K) to reduced
coupling between the trap-assisted nonradiative recombi-
nation and phonon modes as temperature is decreased.F?
Also, the decrease in the EQE by long-term electrical stress
was ascribed to migration of nonexcess ions in the perov-
skite lattice, and consequent generation of defects.’?l The
improvement in the interface contact, and the effect of film
annealing by Joule heating were also suggested as origins of
luminance enhancement by electrical stress.['?l In addition,
the luminance enhancement by electrical stress may be due
to improved charge injection into MHP layers by narrowing
the injection-barrier width as a result of electric-field-driven
ion migration and accumulated charge at the interfaces;
similar behavior has been reported in conventional light-
emitting electrochemical cells (LECs).[32-138] These propo-
sitions for temporal luminance improvement by electrical
stress must be further explored.

2.2.2. The Formation of a p—i—n Junction

MHP materials are mnot purely electronic conductors
(Section 2.2.1); they should be considered as both electronic
and ionic conductors. For this reason, some researchers have
considered PeLEDs as MHP LECs (PeLECs) where light emis-
sion occurs in the intrinsic region of a p-i-n junction.[10013]
Such junctions may form in single-layer PeLEDs (anode/
MHP emission layer/cathode structure) during their opera-
tion;73118-120] this mechanism is similar to that of conventional
LECs, in which emission layers are generally composed of
light-emitting conjugated polymers mixed with ionic conduc-
tors.[132-138] Ton migration in MHP layers under an external
electrical field can cause accumulation of ions near the elec-
trode sides, and thereby lead to p- and n-doping starting from
the electrodes; the p- and n-doping frontiers propagate toward
each other and consequently form a reversible p—i-n homo-
junction structure.l'*) The hypothesis that a p—i-n junction
forms was also supported by quantification of ionic conductivity
and the luminance-voltage characteristics of PeLEDs based
on MHP-polymer composites.'!® Poly(ethylene oxide) (PEO)
was used as an ionic-conducting polymer, and poly(vinylidene
fluoride) (PVDF) was used as a polymer with poor ionic con-
ductivity. The MHP-PEO PeLEDs had =50 000 times higher
ionic conductivity and one-quarter the turn-on voltage of those
of MHP-PVDF PeLEDs; these results support the hypothesis
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that the operational mechanism of PeLEDs is related to the
p-i-n junction.'"® This hypothesis about the formation of
a p-i-n junction was also verified by time-dependent dis-
charging current measurement,”>1°l photocurrent response,”?!
alternating-current impedance spectroscopy,!!*! turn-on voltage
independent on MHP layer thickness,['!l and postbias photo-
current mapping.[2

In the short term, the formation of a p-i-n junction can facili-
tate charge injection by evolving a sharp tunneling barrier that
lowers the effective charge-injection barrier.”3l However, over
time, the formation of a p—i—n junction can decrease the stability
of PeLEDs. In conventional LECs, the major stability-limiting pro-
cesses are the irreversible electrochemical degradation of light-
emitting polymers at the light-emitting p-n junction line,'3”! the
nonuniformity of p- and n-doped frontiers that causes a short
circuit when the frontiers contact to electrodes,33 and phase
separation between the ionic materials and the light-emitting
polymers.[32l However, PeLEDs usually have single-component
MHP emission layers, so phase separation can be excluded.
Also, the nonuniformity of doping frontiers may not be a main
degradation mechanism in PeLEDs because the dynamic junc-
tion in MHP layers was very broad, like a recombination zone in
OLEDs, 1% whereas the dynamic junction has the form of a wavy
line in conventional LECs.'*2"138] However, although the electro-
chemical degradation mechanism of light-emitting polymers is
totally different from that of MHPs, electrochemical degradation
of MHPs in the recombination zone may be possible and should
be further investigated.

The operational lifetime of PeLEDs is significantly increased
at liquid-nitrogen temperature (-193 °C) at which the motion
of ions is restricted, compared to the lifetime at room tempera-
ture.''% This result suggests that degradation of PeLEDs may
be ascribed to the disappearance of an intrinsic region and the
protrusion of p- and n-doped regions in the opposite directions
as a result of p—i-n junction propagation, as in conventional
LECs.'"™ In addition, other reasons such as the prevention
of trapped-charge-induced degradation"'”! and reduced trap-
assisted nonradiative recombination®” should be considered
for lifetime improvement (Section 2.2.1).

2.2.3. Diffusion of Metallic Species from Electrodes

One of the important causes of the degradation of MHP layers
in PeLEDs is diffusion of metallic species from electrodes.
To investigate the diffusion of metallic species, the depth profile
of the constituent elements throughout an entire MHP solar-
cell device (FTO/TiO,/mesoporous TiO,/MHP/spiro-MeOTAD/
gold) was conducted using time-of-flight secondary-ion mass
spectroscopy (TOF-SIMS).* A’ Au~ anion signal was detected
at the TiO, layer of the device annealed at 70 °C for >15 h under
1 sun illumination. Metallic species in the middle of devices
can provide shunting paths and create deep-trap states or lumi-
nescence quenching centers that increase nonradiative recom-
bination, so the accumulation of metallic species in the MHP
layers and charge-transport layers can be critical for both the
PCE of PeSCs and the EL efficiency of PeLEDs (Figure 5A).1"141]
Therefore, prevention of diffusion of metallic species has been
an important issue in the OLED field.
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Figure 5. A,B) TOF-SIMS depth profiles of PeSC devices (aged at 30 and
70 °C) with structure of FTO/TiO,/mesoporous TiO,/MHP/spiro-
MeOTAD/gold (A) and ITO/Buf-HIL/MAPbBr; films (B). A) Reproduced
with permission.""l Copyright 2016, American Chemical Society.
B) Reproduced with permission.”l Copyright 2017, Wiley-VCH.

Diffusion of In and Sn atoms from indium tin oxide
(ITO) electrodes can also cause degradation. When acidic poly
(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
is used as the hole-injection layer for PeLEDs, the PEDOT:PSS
can etch the underlying ITO electrodes and thereby cause
release of In and Sn atoms.*?3”] The released In and Sn atoms
can diffuse into the PEDOT:PSS and MHP layers and accel-
erate the degradation of the PeLEDs (Figure 5B) because the
metallic species can be luminescence-quenching centers.l”!
In PeLEDs in which the electron-hole diffusion lengths are
very long (>1 um),*? luminescence quenching by impurity
and migrated metal species can be more critical compared with
OLEDs in which the exciton diffusion lengths are short
(5-10 nm).*3] Therefore, prevention of diffusion of metallic
species toward emission layers will be a very important task to
improve the device efficiency and lifetime.

2.2.4. Color Instability

One of the important challenges to realize high-stability
PeLEDs is to stabilize the emission color. Because the color of
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PeLEDs mainly depends on the halide anions, halide separa-
tion in mixed-halide MHP emission layers can cause a change
in emission color.3%1#4143] Halide separation is a result of the
phase instability of mixed-halide MHPs.[4¢147] A DFT calcula-
tion on the phase diagram of MAPb(I,_,Br,); solid solutions
revealed that they have a miscibility gap at room temperature,
binodal points at x = 0.2 and 0.7, and undergo spinodal decom-
position at 0.3 < x < 0.6.'% The phase instability of mixed-
halide MHP systems (MAPD(I;_,Br,)3) was clearly visualized by
cathodoluminescence imaging, which showed the emergence
of I-rich clusters and the increase in the number of clusters
with increasing light-soaking time (Figure 6).'*”] The halide
separation in MAPD(I;_,Br,); was also well explained by a
molecular dynamics simulation; the result suggested that local-
ized lattice strain induced by coupling between photogenerated
charges and phonon modes drives phase separation./'’]

Halide separation was shown in the driving-voltage-dependent
EL spectrum of MAPbBr;_,I, PeLECs.3% As the voltage was
increased from 2.0 to 7.0 V, the EL spectrum gradually shifted
from 743 to 710 nm, and a green EL peak at 532 nm emerged
beginning at 6.0 V.13% Because the green EL peak corresponds
to the emission of MAPbBr;, the change in the EL spectrum was
explained by the migration of I~ anions.'*¥! Also, an electrical
field can drive halide separation in CsPbBr;_,I, NP PeLEDs.l'*
The PeLEDs that incorporated CsPbBr; ggl; 1, NPs that emitted
orange PL at 558 nm, instead emitted red EL at 650 nm after
turn-on; the EL emission was split into a green emission at
518 nm (i.e., the emission of CsPbBr;) and a red emission at
665 nm (ie., the emission of CsPbBrysl,s)!'* over time, the
intensity of the green emission increased, whereas the intensity of
the red emission decreased and eventually disappeared. This color
instability is a result of the production of pure CsPbBr; domains by
ion migration induced by an electrical field, without red-emitting
neighboring domains that could induce Forster resonance energy
transfer.!* After the PeLEDs were turned off, orange and green
PL emissions were both observed; this result means that halide
separation is partially reversible and that in the absence of an
electric field, halide anions redistribute among NPs.[144

3. Strategies to Improve the Stability of MHP
Materials and PeLEDs

In this section, we review recently reported strategies to over-
come the instability of MHP materials and the limited opera-
tional stability of PeLEDs (Figures 7 and 8). Recently, the
operational stability of PeLEDs has been significantly
improved, but it is still much inferior to the stability of
OLEDs (Lsy > 500 000 h at 1000 cd m=3)*¥ and QD LEDs
(Lsp = 300 000 h at 100 cd m™2).?*) We have conducted an exhaus-
tive survey on the reported operational lifetime of PeLEDs (Table 1).
The operational lifetimes of PeLEDs can be characterized by the
time taken for the luminance to decay from the initial luminance
Ly to 50%, 70%, and 80% (defined as Lsy, Ly, and Ly, respectively).
However, the summarized studies have different measurement
conditions for operational lifetime. To effectively compare the
operational lifetime among the reported devices, the measure-
ment conditions should be standardized as in the field of OLEDs;
the initial luminance should be reported (commonly used initial
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Figure 6. A) PL spectra of a MAPb(lgBrg )3 film after different light exposure times (0, 30, 60, 90 s). B) Normalized PL intensity (red) and normalized
cluster size (black) with standard error (blue) versus light exposure time. C) Cathodoluminescence image series with light exposure of 30 s between
each image (scale bar = 2 um). Reproduced with permission.*”] Copyright 2017, American Chemical Society.
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Figure 7. Schematic diagram that summarizes representative instability of MHP materials and PeLED devices with chemical reactionsl*3>3->576.86] and

corresponding solutions.

luminance: 100 and 1000 cd m?) and the operation of PeLEDs
should be continuous at a constant current or voltage without
any interval. To date, the longest reported lifetime of PeLEDs is
Lso = 10 d (from PeLEDs based on MAPbBr; NPs).''% However,
the origin of the lifetime enhancement and measurement conditions
was not reported. Also, PeLEDs based on CsPbBr;—PEO composites
showed an operational lifetime of Lgy = 80 h,[1*? but mechanism for
the lifetime enhancement should be further studied.
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3.1. A-Site Cation Engineering

A simple method to improve the stability of MHPs is the use
of A-site cations (e.g., FAT and Cs*), which are more stable
than MA* cations. The use of large organic ammonium (OA)
cations can also improve the stability of MHPs by forming an
RP phase, but this approach will be discussed in Section 3.2.
The use of FA-based MHPs (FAPbX;) can increase the
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Figure 8. Schematic illustration describing the strategies to improve the stability of MHP materials and PeLEDs. Figures in the section of the RP
phase are reproduced with permission.3l Copyright 2016, Wiley-VCH. Figures in the section of uniform MHP layers are reproduced with permission.!'l
Copyright 2015, The American Association for the Advancement of Science. Figures in the section of stable MHP nanoparticles are reproduced with
permission.'% Copyright 2017, Wiley-VCH.

Table 1. The reported operational lifetime of PeLEDs.

Refs. Publication Device structure Emission layer Operational lifetime  Lifetime measurement
year/month conditions
Song and co-workers'S!l  2015/05  ITO/TiO,/EA/MHP/SPB-02T/MoOs3/Au MAPbBr; Lso=55h Lo=120 cd m2 at 4.8V
Mathews and 2015/10 ITO/PEDOT:PSS/MHP/F8/Ca/Al CsPbBr; Lso = 9.5 min At7V
co-workers!'%2
Choy and co-workers!'*] 2016/01 ITO/PEDOT:PSS/poly[N,N’-bis (4- CsPbBr; NPs Lso =10 min At5V
butylphenyl)-N,N"-bis (phenyl)-benzidine]
(poly-TPD)/PFI/MHP/1,3,5-tris (N-phenyl-
benzimidazol-2-yl)benzene (TPBI)/LiF/Al
Zhang and co-workers'"%  2016/05 ITO/PEDOT:PSS/poly(9-vinylcarbazole) MAPbBr; NPs Lsp=10d Not reported
(PVK)/MHP/TPBI/LiF /Al
Song and co-workers'>  2016/05  ITO/PEDOT:PSS/MHP/SPW-111/LiF/Ag MAPbBT, L=Lyfor>162cycles Lo~1180cd m™ at3.8
V, noncontinuous test
Wei et al.'Z 2016/09 ITO/PEDOT:PSS/MHP/4,6-bis(3,5- CsPbBr;:CsBr=1:0.4 L>Lofor>15h Lo=100cd m2 at
di(pyridin-3-yl) phenyl)-2-methylpyrimidine (molar ratio) 66.67 mA cm™
(B3PYMPM)/CsCO;/Al
Yu and co-workers!”3! 2016/09 ITO/MHP/In:Ga CsPbBr3:PEO:polyvinylpyrrolidone L>Lofor>1h Ly=100cd m2 at2.7V
(PVP) =100:50:5 (weight ratio)
Lam and co-workersl'Sl  2016/09  ITO/PEDOT:PSS/poly-TPD/MHP/TPBI/AI BA;MA,Pb; 11 Lso=85s At4v
Huang and co-workersF! 2016/09 ITO/ZnO/PEIE/MHP/poly[(9,9- NMAI: formamidinium iodide Lsp = 100 min At 10 mA cm™
dioctylfluorenyl-2,7-diyl)-co- (4,4"-(N-(4- (FAI):Pbl, = 2:1:2 (molar ratio)
sec-butylphenyl)diphenylamine)] (TFB)/
MoO,/Au
Zhang and co-workers!'>¢l  2016/12 Au/p-MgNiO/MHP/poly(methyl CsPbBr; NPs Lgp=9h At 10V, unencapsulated,
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under ambient condition
(RH = 30-50%)
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Refs. Publication Device structure Emission layer Operational lifetime  Lifetime measurement
year/month conditions
Song and co-workers'] 2017/01 ITO/PEDOT:PSS/MHP/TPBI/LiF/Ag MAPbBr; Lsp= 55 min At 50 mA cm™
Rand and co-workers!l 2017/01 ITO/poly-TPD or PVK/ n-butylammonium iodide Lyo =300 min (NIR) At 3 mA cm™?
MHP/TPBI/LiF/Al (BAI):MAPbI; = 20:100 (near Lso = 48 min (green)
infrared (NIR))
BABr:MAPbBr; = 20:100 (green)
bin Mohd Yusoff and 2017/02 ITO/ZnO NPs/MHP/ N,N’-bis(1- Cs0.1(MAg17FA083)0.sPbBrosslass  Lso = 160 min (NIR), L> Ry=93.34 W st cm™2

co-workers!'37]

naphthyl)-N,N’-diphenyl-1,1"-biphenyl-4,4"-
diamine (o-NPD)/MoOs /Al

(NIR, 750 nm), Csg;(MAg7
FAo.83)09PbBr2.9710.03
(green, 569 nm), Csqy1(MAg 17
FAo.83)0.9PbCly 5Bry 5
(blue, 475 nm), CsPbBr;, MAPbBr;

Csg4MAq ¢PbBr;

=450 min (CsPbBrs)

ITO/PEDOT:PSS/PVK/
MHP/TPBI/Ca/Al

Lso=160's

ITO/poly-TPD or PVK/
MHP/TPBI/LiF/Al

4-fluorophenylmethylammonium
iodide (FPMAI):MAPbI; = 20:100

L>Lyfor>10h (NIR)

Lso = 300 min (MAPbBr;)

He and co-workers['3"] 2017/02
Rand and co-workers* 2017/03
Lee and co-workersl®’] 2017/03
Sun and co-workers('*3 2017/03
Liao and co-workersPl 2017/03
Song and co-workersl3% 2017/04
Song and co-workers!'>%] 2017/04
Rand and co-workers[*? 2017/04
Song and co-workers!74l 2017/04
Huang and co-workers1%%  2017/04

Duhm and co-workers#l  2017/05

Chen and co-workers'®"l  2017/05
Yu and co-workers!'¢2 2017/05
Yu and co-workers!'"? 2017/05
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structural stability of the MHP crystal lattice. FAPbBr; has a
slightly larger lattice constant (5.99 A) than MAPbBr; (5.92 A)
because FA* cations have a larger ion radius (2.79 A) than MA*
cations (2.70 A).1164165] Therefore, the inclusion of FA distorts
the Pb—Br—Pb bond angle by 15° and increases the space-filling
density, which is considered as the origin of the high structural
stability.'®*l Also, the thermal decomposition onset of FAPbBr;
is =50 °C higher than that of MAPbBr; (decomposition onset
= 150 °C for MAPDbBr; and 200 °C for FAPbBr;).['% Recently,
FAPDbBr; PeLEDs have been demonstrated,*0100.166.167] byt their
operational stability has not been reported. In contrast, FAPbI;
is thermodynamically unstable: the perovskite black o-phase
spontaneously transforms to a nonperovskite yellow d-phase at
room temperature.[!!]

CsPDBr; is an all-inorganic MHP that has isotropic Cs* (ion
radius = 1.81 Al'®%)) as the A-site cation. Due to the absence
of the free rotational motions of anisotropic MA* and FA*
cations, CsPbBr; does not exhibit hot PL emission from long-
lived (10% ps scale) energetic carriers; this lack implies that
the screening of carrier cooling by liquid-like reorientational
motions does not exist in CsPbBr;.*! Also, time-resolved tera-
hertz spectroscopy has revealed that trap-assisted nonradiative
recombination in CsPbBr; NPs is inefficient, and suggests that
the surface-trap density is low with very a high charge-carrier
mobility of =4500 cm? V! 575 this value is much higher than
that of MAPDBr; single crystals (=115 cm? V-1 s71).[18] Because
of the inorganic nature, CsPbBr; is much more thermally
stable (decomposition onset = 580 °C)P® than MAPbBr; and
FAPbBr; (decomposition onset = 150-250 °C) (Figure 9A).6164
The superior thermal stability of CsPbBr; was proven by
observing the consistency in absorbance spectra of CsPbBr; films
before and after thermal annealing (at 180 °C for 15 min).[*’)

Because of the unique combination of the high thermal
stability, charge-carrier mobility, and PLQE (=90% in solu-
tion['”%), CsPbBr; PeLEDs have stimulated high inte
rest.l/74112149.152153,157161]  The high thermal stability of
CsPbBr; may improve the operational stability of PeLEDs,
possibly by suppressing degradation caused by thermal
stresses including Joule heating. Durable CsPbBr; PeLEDs
have been produced, in which the luminance continuously
increased from Ly = 100 cd m™2 to Ly, > 400 cd m~ for >15 h
of operation time (applied current density of 66.67 mA cm2),
whereas MAPbBr; PeLEDs exhibited much poorer stability
(Lso = 255 s).1''2 Also, CsPbBr; PeLEDs with operational life-
time (Lso = 450 min) higher than that of MAPbBr; PeLEDs
(Lso = 300 min) have been reported.> PeLEDs based on
CsPbBr; NPs with a device structure of Au/p-MgNiO/CsPbBr;
NPs/n-MgZnO/n*-GaN also had relatively long operational
lifetime of Lgy = 9 h.[>% The operational lifetime of CsPbBr;
PeLEDs reported by other groups was shorter (Lyo = 1.75 h,I"4
Lsy = 70 min, 'Y 33 min,”) and <10 min!"*2153]) than in the
abovementioned studies.''%149157] This difference indicates
that high thermal stability does not always guarantee high oper-
ational stability of PeLEDs; the reason is that the main degra-
dation mechanism in PeLEDs is related more to ion migration
than to thermal degradation.

Systems with mixed A-site cations have been investigated
to overcome the limitations of systems with single A-site cat-
ions (MAPbLX;, FAPbX;, and CsPbX;) such as spontaneous
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transformation to nonperovskite phase and material degrada-
tion by heat, light incidence, and air exposure.[8>130.131.157,158.171]
For example, incorporation of >10 mol% Cs in FAPDI; pre-
vents the formation of the nonperovskite yellow &-phase by
increasing the entropy of mixing and modifying the tolerance
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Figure 9. A) Thermogravimetric analysis of MABr, MAPbBr;, PbBr,,
CsPbBr;, and CsBr. B,C) Operational lifetime characteristics of green
(green points) and blue (blue points) (B) and infrared triple-cation
PeLEDs  (ITO/ZnO  NPs/Csq1(MAg17FAg53)0sPbClBr, I3, ,/0-NPD/
MoOj;/Al) (C). A) Reproduced with permission.’®l Copyright 2015,
American Chemical Society. B,C) Reproduced with permission.[%]
Copyright 2017, Wiley-VCH.
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factor.*85172] Incorporation of Rb can also stabilize the

perovskite a-phase of FAPbI;.['72173] Mixed-cation systems
have many advantages for PeLEDs, such as reduced trap den-
sity,®>171 increased charge-carrier mobility,'”! and increased
PLQE!"®] compared to those of single-cation systems.

Although material stability has been improved by introducing
mixed-cation systems, the operational stability of PeLEDs
has not been strikingly improved. Green, blue, and infrared
PeLEDs based on triple A-site cations (Cs*, MA*, and FA*) have
been fabricated;!’”! the luminance of the green triple-cation
PeLED increased over time from 736.7 to 1335.7 cd m™
for 135 min, then decreased to 800.7 c¢d m™ at 475 min
(Figure 9B), but the operational stabilities of blue and infrared
triple-cation PeLEDs were much inferior to that of green triple-
cation PeLEDs (Figure 9B,C).'”] Other groups have reported
mixed-cation PeLEDs, but they had very short operational life-
times (Lsy = 80 5,131 160 s,1'°8 and >1 hl'*%) despite high EL
efficiency (33.9 cd A71).11300

3.2. Ruddlesden-Popper Phase

To improve the stability of the crystal structure of MHPs,
the formation of an RP phase can be a good strategy. To
form an RP phase, large OA groups should be added to 3D
perovskite structure. The large OA intercalates between the
3D perovskite structures to form an RP multilayered struc-
ture (quasi-2D structure). The multilayered structure can be
characterized by the number m of PbX, octahedral planes,
(m = 1 for 2D structure and m = e for 3D structure)
(Figure 10A).

RP MHPs have the potential to increase the EL efficiency in
PeLEDs, because the exciton binding energy of RP MHPs can
be significantly increased by exciton confinement. In RP MHPs
that show 2D exciton behaviors, the exciton binding energy can
increase to >300 meV,'7477 which is much higher than that
of 3D counterparts (40-150 meV for MAPbBr; 13-50 meV for
MAPDI;).*%178179] Assuming that all absorbed photons generate
electron-hole pairs, the PLQE 7 can be determined by three
different recombination rates: trap-assisted monomolecular
recombination rate k; (excitonic recombination rate for RP
MHDPs), bimolecular recombination rate k,, and Auger recom-
bination rate k18!

3D nk, w_ Ok +nk

= = _Patr 4
k, +nk, +n’k; k, +nk, +n’k; “

n

where n [cm~3] is the charge-carrier density and ¢ is the ratio of
excitonic radiative recombination among all kinds of monomo-
lecular recombination. A recent report calculated that RP MHPs
have much higher recombination rates (k; =5 x 107 s71, k, =2 x
107 cm? s71, k3 =2 x 10726 cm® s71) than 3D MHPs do (k; =9 x
10° s ky = 7 x 10719 cm? 571, k3 = 3 x 10728 cm® s71).[180]
The higher recombination rates in RP MHPs imply that light
emission is more efficient in RP MHPs, and that it origi-
nates from excitonic recombination, as well as bimolecular
recombination, whereas the contribution of Auger recombina-
tion at high » is also larger than that in 3D MHPs. Also, the RP
MHPs undergo an energy-transfer process. After recombination
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of injected electrons and holes in RP-phase MHP crystals, but
before quenching, the excitons can be transferred to adjacent
crystals that have higher m and a smaller bandgap; as a result,
the light is emitted by the crystals that have the highest m
(Figure 10A).333180 This energy-transfer process is attributed
to the adjacently positioned RP-phase crystals with different
m, and to very fast energy transfer (=0.5 ps).’8% The energy
transfer can be beneficial for EL efficiency because the charge
carriers are more concentrated at the crystals that have the
highest m and because trap states need to be filled only in the
crystals that have the highest m.!3]

RP MHPs can also improve the stability of MHP mate-
rials and PeLEDs. RP MHPs have a higher formation energy
than that of their 3D counterparts because of a strong van der
Waals’ force between the large OA groups in RP MHPs, and
they thereby have improved material stability at room tempera-
ture.l'81 Also, these large OA groups can suppress ion migration
between 3D MHP multilayers.

The fabrication of RP MHP films is simple; they can be
made by just mixing a large OA with a 3D perovskite precursor
solution, and then spin-coating the mixed solutions. Based on
the advantages (high exciton binding energy, high structural
stability, and simple fabrication process), RP PeLEDs have
been studied to achieve high EL efficiency and high operational
stability.}>:33160.182183] [nfrared PeLEDs that have an RP struc-
ture fabricated by mixing MAPDI; and phenylethylammonium
(PEA) iodide showed an EQE, . of 8.4%. In addition, the
absorption spectrum of RP MHP films did not change much
at high RH = 90% for 50 d, whereas the absorption spectrum
of 3D MHP films significantly changed after 7 d (Figure 10B);
this result demonstrates the high stability of RP MHP films in
ambient conditions.]¥l RP infrared PeLEDs based on FAPbI;
and 1-naphthylmethylamine iodide (NMAI) showed an
EQE 4 of 11.7% with an improved operational lifetime. The
operational lifetime of RP PeLEDs was Ls, = 2 h, which was
much better than that of 3D FAPbI; PeLEDs (Lso = 1 min).P!
RP PeLEDs based on NMAI and CsPbl; achieved an EQE,,,,
of 3.7% and an operation lifetime of Ly =5 h (Figure 10C).[1%%
Also, RP MHP films showed higher photostability than
3D MHP films did."! The PL intensity of RP MHP films
(butylammonium-incorporated MAPbX;) was quite stable;
it decreased only by =10% under irradiation of =10 mW cm2,
whereas the PL of 3D MHP films was totally quenched after
only 50 s of irradiation. In contrast, the EL intensity of RP
PeLEDs decreased very rapidly (Ls, = 80 s).! RP MHP
films in octylammonium-MA mixed systems also had high
photostability.[84

3.3. Suppression of lon Migration with Additives
and Blocking Layers

Because the degradation in PeLEDs is mainly related to electric-
field-induced ion migration from MHP emission layers to inter-
faces and other layers, the suppression of ion migration can
be a very effective method to increase the stability of PeLEDs.
Because ion migration is a temperature-activated process, the
reduction of temperature is the most effective solution,11%162
but it is not compatible with practical applications of PeLEDs at
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Figure 10. A) Schematic illustration showing device structure of an RP PeLED (ITO/Buf-HIL/(PEA),(MA),,_1Pb,,Br3,,.1/TPBI/LiF/Al) and the energy-
transfer process between MHP crystals with different m. B) Time evolution of the absorption spectra of 3D (MAPbI3, left) and RP ((PEA),(MA),Pbsly,,

right) MHP films stored in ambient condition (RH = 90%).

C) Changes in normalized EQE (left) and EL spectra (right) of a red RP PeLED (ITO/

ZnO/polyethylenimine ethoxylated (PEIE)/(NMA),Cs,,1Pb,,(Clyl1_) 3ms1/TFB/M0O,/Au) with operational time. A) Reproduced with permission.l3]

Copyright 2016, Wiley-VCH. B) Reproduced with permission.Bl Copyright 2016, Nature Publishing Group. C) Reproduced with permission.

Copyright 2017, Wiley-VCH.

room temperature. RP phase (Section 3.2) can also be an effec-
tive method to inhibit ion migration.

Another feasible strategy to suppress ion migration is to intro-
duce ion-blocking interlayers. They can suppress ion migration
by spatially blocking the migrating ions and passivating defects
at grain boundaries and interfaces.3>114129.130] T ewis bases that
have electron-donating groups are good candidates for passi-
vating agents.[%?
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[160]

An amine-based small molecule (ethylenediamine (EDA))
and an amine-based polymer (polyethylenimine (PEI)) have
been used as passivating agents for MAPbBr;.B% EDA and
PEI were spin-coated on top of MAPbBr; layers, and their
penetration depths were analyzed by performing TOF-SIMS.
EDA penetrated more deeply than PEI, and therefore more
effectively passivated the defects of MAPbBr; than PEI did;
the passivation effect extended PL lifetime and reduced PL
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blinking. Also, the absence of color change in Ag electrodes
(i-e., no formation of AgBr) clearly demonstrated that ion migra-
tion was inhibited by EDA and PEI interlayers. Furthermore, as
a result of the passivation of defects and reduced ion migration,
the operational lifetime of MAPbBr; PeLEDs was significantly
increased; the operational lifetime (L,,) of the passivated PeLED
was =4 h, whereas the luminance of unpassivated PeLED rap-
idly decreased to <10% at =0.7 h (Figure 11A).53%)

Nanostructured carbon layers composed of n-doped gra-
phene, carbon dots, and the fullerene derivative phenyl-Cg;-
butyric acid methyl ester (PCBM) have also been developed
as ion-blocking layers.'?’l The nanostructured carbon layers
effectively blocked ion migration from the MHP layers to other
layers and diffusion of Ag atoms from electrodes to MHP layers,
and also formed an Ohmic contact with electrodes. The MHP
films and PeSCs with the nanostructured carbon layers showed
much improved photo- and thermal-stability compared to those
of MHP films and of PeSCs with conventional PCBM layers.['?’]

Dense metal oxide interlayers can provide a barrier that
blocks ion migration from MHP layers and atmospheric gas per-
meation into MHP layers. SnO, layers formed by atomic-layer
deposition on top of Al-doped ZnO electron extraction layers
excellently protected MAPDI; layers from ingress of moisture
(water vapor transmission rate = 7 x 10 g m™ d7!).[185180]
Furthermore, the SnO, layers blocked outdiffusion of thermal
decomposition products (e.g., hydrogen iodide (HI)) of MAPDI;
and also possibly blocked I" anion migration from MAPbDI;
layers, as evidenced by the suppressed corrosion of Ag elec-
trodes and by the substantially increased operational lifetime of
PeSCs.'%] Amine-mediated TiO, interlayers have been incor-
porated between Ag electrodes and PCBM layers to hinder the
migration of halide anions to Ag electrodes and consequent cor-
rosion of Ag electrodes."* Even with Au electrodes that do not
easily corrode, the introduction of a Cr metal interlayer between
Au electrodes and spiro-MeOTAD increased device stability
because the Cr interlayers effectively prevented diffusion of Au
atoms into the spiro-MeOTAD and MHP layers.'*!! Also, metal
fluorides (e.g., BaF,) that have been used to improve the device
lifetime in OLEDs may suppress the diffusion of metallic species
from the cathode.['8”]

Degradation caused by diffusion of In and Sn atoms from
ITO electrodes (etched by PEDOT:PSS) to MHP layers could
be overcome by replacing ITO with chemically inert electrodes
(e.g., four-layer graphene electrodes) as demonstrated by TOF-
SIMS profiles (Figure 11B).57) Also, a buffer hole-injection layer
(Buf-HIL) that is composed of PEDOT:PSS and perfluorinated
ionomer (PFI) can block the diffusion of In and Sn atoms.['®8]
The Buf-HIL, which can increase the hole-injection efficiency
and thereby lower the current density at the same luminance
in devices, improved the device operational lifetime of polymer
LEDs due to the suppressed diffusion of In and Sn atoms and
the reduced driving current density (Figure 11C);['®8! this can
also be definitely applied for PeLEDs.

Incorporation of additives into MHP layers is a useful
approach to passivate defects, separate MHP grains, and
thereby hinder ion migration. Furthermore, incorporation
of additives (e.g., polymers and organic small molecules) to
MHPs can facilitate the formation of homogeneous film mor-
phology with reduced pinholes and decrease grain size by
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Figure11. A) Operational lifetime of PeLEDs (ITO/PEDOT:PSS/MAPbBr;/
EDA or PEI/SPW-111/LiF/Al) passivated by PEI and EDA. B) TOF-SIMS
depth profiles of graphene/Buf-HIL/MAPbBr; films. C) Operational
lifetime of polymer LEDs using PEDOT:PSS or PEDOT:PSS:PFI as a
hole-injection layer. A) Reproduced with permission.Bl Copyright 2017,
American Chemical Society. B) Reproduced with permission.?”) Copyright
2017, Wiley-VCH. C) Reproduced with permission.88 Copyright 2007,
Wiley-VCH.

forming a matrix for MHP grains and inhibiting MHP grain
growth;17318 these are desirable characteristics for high-
efficiency PeLEDs. However, decreased grain size corresponds
to an increase in the number of grain boundaries (defect
sites); this change might degrade the operational stability of
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PeLEDs. Therefore, the additives should have electron-donating
groups that can passivate defects to mitigate this detrimental
effect. Also, the proportion between the MHP and the additive
must be well optimized because an excessive amount of insu-
lating additives can impede charge injection and transport. The
choice of additives for MHP layers is somewhat limited because
the additives must be completely dissolved into MHP solutions,
in which polar aprotic solvents such as dimethylformamide
(DMF) and dimethyl sulfoxide are typically used.

The stability of CsPbBr; PeLEDs can be increased by incor-
porating a polymer additive (PEO) to CsPbBr;.'*! CsPbBr;-
PEO composite films with grains of a few micrometers in size
were fabricated by spin-coating with chloroform steam post-
treatment; PeLEDs that used them had both high EL efficiency
(21.38 cd A™!) and high operational stability (Lg, = 80 h), which
were both higher those of pure CsPbBr; PeLEDs (8.78 cd A™%;
Lgo = 20 h).*91 However, PEO is an ion-conducting polymer, so
the stability increase was not definitely a result of suppression
of ion migration.[3%

Poly(ethylene glycol) (PEG) has also been used as a polymer
scaffold for making stable MHP layers.["8% Because of the hygro-
scopic nature of PEG and the formation of hydrogen bonding
between PEG molecules and MHP grains, the MAPbI;-PEG
composite films strongly resisted degradation by moisture
and light soaking, and even showed self-healing behavior, i.e.,
a spontaneous rapid recovery of the perovskite phase under
water-vapor spray. Also, methylamine (CH3;NH,) solution addi-
tives suppress the formation of I,, and result in MHP films
with reduced defect density, so ion migration is impeded.['*"!

3.4. Fabrication of Uniform Bulk Polycrystalline MHP Layers

Partial film coverage of MHP emission layers in PeLEDs can
allow the formation of low-resistance shunting paths that
pass unwanted leakage current, which causes significant EL
efficiency drop and fast degradation of devices."”! Therefore,
one of the most important aims in PeLED studies is to fabri-
cate uniform, pinhole-free MHP emission layers. However,
achieving uniform MHP layers by common spin-coating is
difficult because MHP grains are coarsened easily and sponta-
neously form nonuniform films. 73l

Representative strategies to make uniform MHP layers
are nanocrystal pinning!l and modification of the underlying
layers.’3% The goal of nanocrystal pinning is to fabricate uni-
form MHP films and reduce MHP grain size by dripping non-
polar solvents (e.g., chloroform, toluene, chlorobenzene) on the
spinning layers and thereby induce immediate crystallization.
Because of the simplicity of the process, nanocrystal pinning has
been widely used to fabricate uniform MHP films.[1:31:34-37:51]
Also, uniform MAPbBr; NP and CsPbBr; layers could be fabri-
cated by using a Buf-HIL (PEDOT:PSS:PFI) as the underlying
hole-injection layer.”*”l The MHP layers formed on the Buf-HIL
were uniform with closely packed grains, whereas the MHP
layers formed on PEDOT:PSS were sparse and nonuniform;!’:3
the difference in morphology could be explained by partial dis-
solution of PFI into the MHP solution during spin-coating; the
dissolved PFI molecules could increase the number of nuclea-
tion sites by inducing heterogeneous nucleation, and decrease
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the MHP grain size by inhibiting growth of MHP grains.!

A uniform morphology of the MHP layers was also achieved
by MA-vapor treatment,l3%l by incorporation of HBr32154 or
polymersl”3 to MHP precursor solutions, and by double spin-
coating of MHP precursor solutions.P!!

3.5. Diverse Approaches to Make Stable MHP NPs

Although MHP NPs are capped with organic ligands that passi-
vate surface defects and increase the stability of NPs in colloidal
solutions, the ionic crystal structure of MHP NPs still provides
low stability of the NPs under moisture and heat treatment,
and in polar solvent and film states.

Many research groups have reported methods to improve the
stability of MHP NPs.[98101,103,105,107-109,145,150191-193] §ono et al.
and Li et al. proved that all-inorganic CsPbBr; NPs are much
more stable than MAPDbBr; NPs in the solution state even
though CsPbBr; NPs were synthesized at room temperature
in ambient condition; CsPbBr; NP solutions maintained high
PLQE (>80%) for >30 d, but MAPbBr; NP solutions showed
dramatically reduced PLQE (<10%) in <5 d; the reasons for this
high stability of CsPbBr; NP solutions®®19 compared to that of
MAPDBr; NP solutions have not yet been elucidated. Although
CsPbBr; NPs showed long-lasting high PLQE in solution states,
their PLQE dramatically decreased in the film state.'%! For
application to LEDs, colloidal NPs should be coated into a film
state and maintain high PLQE in that state. Highly monodis-
persed FAPbBr; NPs that maintain high PLQE (=80%) in the
film state at elevated temperature (50 °C) have been reported,
but CsPbBr; NPs showed dramatically reduced PLQE (<10%)
in the film state at 50 °C.1%] However, these MHP NPs still
showed low stability in polar organic solvents and moisture,
and also they aggregated readily during film formation.

Ligand-engineering methods that passivate the surface of
MHP NPs with large organic ligands to improve the stability
of NPs in polar organic solvents and moisture have been
demonstrated. MHP NPs have been passivated using polyhe-
dral oligomeric silsesquioxane (POSS), which is a cage-like
molecule with an inorganic siloxane core and eight organic
corner groups.l'® POSS can act as a protective ligand matrix
that prevents water penetration into the core MHP NPs and
undesirable anion exchange. POSS with strong steric hin-
drance can also prevent the aggregation of MHP NPs and
maintain the original shape of NPs in film states.

MHP NPs can be capped with branched capping ligands,
(3-aminopropyl) triethoxysilane (APTES) and amino-function-
alized polyhedral oligomeric silsesquioxane (NH,—POSS).[%7]
APTES-capped MHP NPs had high stability and showed
slightly reduced PL intensity in various protic solvents for 2.5 h
(=100% for NPs in methanol, and =70% for NPs in ethanol
and isopropyl alcohol compared to the initial PL intensity),
however, NPs capped by linear organic ligands (i.e., oleic acid,
octylammonium bromide) did not show any emission in protic
solvents; these results indicate that strong steric hindrance and
the hydrolysis properties of APTES efficiently prohibit the
penetration of protic solvents into the core NPs. APTES can
also prevent redissolution of as-formed MHP NPs into DMF
solvent, and thus preserve the original shape and properties.
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Recently, MHP NPs with thermally crosslinkable and poly-
merizable ligands,  4-vinylbenzyl-dimethyloctadecylammo-
nium chloride (V18) have been reported (Figure 12A).15% The
styryl group in V18 allows crosslinking between MHP NPs;
the crosslinked NPs based on V18 maintained high PLQE
very well (=100% of initial PL intensity in ambient condition
for one month and >80% of initial PL intensity in moisture
for 120 min); in contrast, octylammonium-bromide-based
un-crosslinked NPs showed rapid decrease of PLQE (=65% of
the initial PL intensity in ambient conditions for one month and
=70% of the initial PL intensity in moisture for 120 min).
Fabricating MHP NP-polymer composite films can also be
a good strategy to increase the stability of the NPs. MHP NP-
polymer composite films have been composed of various poly-
mers such as polystyrene, poly(methyl methacrylate), PVDEF,
polycarbonate, acrylonitrile butadiene styrene, cellulose acetate,
poly(vinyl chloride), and ethyl cellulose;[108150:159.192193] dye to
the good dispersion and efficient surface passivation of NPs in
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Figure 12. A) The design of MHP NPs using V18 as a crosslinking agent
and their applications. B) PL intensity of an as-prepared MHP NP-V18-
polymer composite and the same composite after immersion in water
for 90 d. Reproduced with permission.[>% Copyright 2017, Wiley-VCH.
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the polymer matrix, these composite films have shown high
stability in water, and efficient radiative recombination of gemi-
nate charges. The styryl group in V18 induces radical polymeri-
zation with other monomers (styrene and methyl methacrylate),
and consequently formed polymer—V18-NP composites that
were highly stable in water for >90 d (Figure 12B).>) MHP NP-
hydrophobic semicrystalline polymer (PVDF) composite films
have good solubility in organic solvents and strong interaction
between CF, groups in PVDF and NH;* group in NPs;[108.192.193]
as a result, color-tunable NP-PVDF composite films could be
easily fabricated; they maintained high PLQE under UV irradia-
tion (=63% of the initial PLQE) and water (=68% of the initial
PLQE), which are similar to the PLQE of films without UV and
water (=70% of the initial PLQE).[108.192.193]

Postligand engineering is used to exchange or remove
the ligand of the NPs after the synthesis process, but can
also affect the stability of MHP NPs. Methods that have been
tested to increase the luminescence efficiencies of MHP NP-
based PeLEDs include replacing long ligands (here, oleylamine
and oleic acid) with shorter ligands!'®" and reducing the con-
centration of surface ligands by ligand postengineering.['’]
However, the ligand-exchange step and excess removal of
surface ligands may destabilize the MHP NPs in solution
and thereby reduce both the PLQE and the stability. Thus, to
improve the stability, the method of exchanging or removing
ligands from the surface of MHP NPs must be chosen care-
fully. Crosslinking surface ligands on MHP NPs by depositing
hydroxide-terminated aluminum oxide can link the NPs and
make them insoluble in organic solvents.*’] These crosslinked
NPs were not washed off by the organic solvents, and also
showed improved PLQE because their surface defects were pas-
sivated by alumina.

4. Summary and Outlook

We have reviewed the origins of the low stability of PeLEDs by
categorizing the origins into instability: (i) of MHP materials
(the influence of crystal structure, temperature, atmosphere,
photoexcitation on stability, and colloidal instability) and
(i) of PeLED devices (each constituent layer and inter-
face). Then, we reviewed recent progress in reducing these
instabilities. The cubic perovskite structure is the most stable
phase in MHPs and forms when 0.813 < t; < 1.107 and
0.442 < o, < 0.895. Thermal degradation occurs even at mode-
rate annealing temperature (=85 °C) and is severe, especially
for MAPDX;, due to its thermodynamic instability. This thermal
instability can be mitigated by using thermally stable A-site
cations (FA* and Cs*). The influence of oxygen on the lumines-
cent properties is still controversial; the general opinion is that
light-induced formation of O, causes decomposition of MHPs.
Degradation can be accelerated by hydration of MHPs under a
humid atmosphere, and by exposure to light. These instabili-
ties under atmosphere and light exposure can be overcome by
using layered perovskite structures (RP MHPs) and cladding
layers.

Degradation of PeLEDs is mainly ascribed to the migration
of halide anions in response to an electrical field; the migra-
tion causes irreversible degradation from the interfaces, the
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corrosion of metal electrodes, and the generation of defects
inside the MHP layers. Also, the formation of a p-i-n junc-
tion in the MHP layers might be related to the degradation.
Diffusion of metal atoms from electrodes can induce the
degradation of PeLEDs by providing shunting paths and non-
radiative recombination sites. Color instability of PeLEDs,
which is caused by easy ion migration and the presence of a
miscibility gap, is also reviewed. Similar to the solutions for
instabilities under atmosphere and light exposure, instability
caused by ion migration can be mitigated by introducing lay-
ered perovskite structures and ion-blocking interlayers and
additives. The device stability can be further enhanced by
forming uniform MHP layers.

The factors that limit the operational stability of PeLEDs
based on MHP NPs are identified, and strategies to make stable
MHP NPs are reviewed; the strategies include A-site cation
engineering, ligand engineering, and use of MHP NP—polymer
composites.

We also suggest future research directions for achieving
high-stability PeLEDs. First, to extend the operational lifetime
of PeLEDs, the suitability of strategies to remove the electric-
field-induced ion migration should be increased. Although
RP MHPs have been studied as a fundamental solution to
improve both the EL efficiency and the device stability, the
reported operational lifetimes of RP PeLEDs are just sev-
eral hours,['% which is much shorter than that of OLEDs.
This poor PeLED stability can be ascribed to a lack of under-
standing of the optimal RP phase; we must determine which
chemical structure of large-sized OA is the best for achieving
efficient exciton confinement, defect passivation, and pre-
vention of ion migration while retaining moderate charge-
transport ability. For example, we must first identify the best
chemical structure of large OA among aliphatic structures,
aromatic structures, and their combinations, and determine
the functional groups that can passivate defect sites most
efficiently.

Study of the passivation of MHP grains is also imperative to
improve device stability. To prevent ion migration in PeLEDs
based on bulk polycrystalline MHP emission layers (which are
formed by the coating of MHP precursor solutions), efficient
ion-blocking materials must be developed. Because the MHP
grain size in PeLEDs should be decreased to spatially confine
charge carriers and thereby enhance radiative recombination,!!
a concomitantly increased grain-boundary area (a main pathway
for ion migration!'?!) should be passivated with ion-blocking
materials. Ideally, these ion-blocking materials should perfectly
surround the MHP grains and passivate all the defects at the
surface of the MHP grains (or at the grain boundaries) without
losing efficient charge injection into the MHP grains. For this
purpose, the development of core—shell-type colloidal MHP NPs
can also be an effective strategy. These ion-blocking materials or
shell materials need not to be insulating; semiconducting mate-
rials might be a better choice to improve charge injection and
transport in devices.

Inspired by the history of OLEDs, vacuum deposition of
MHP layers may increase the operational stability of PeLEDs
because vacuum deposition may form dense MHP layers.
In OLEDs, vacuum deposition yields more dense organic
layers with fewer trap states than solution processes do.l'*
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However, vacuum deposition of MAX is challenging due to a
difficulty of the control of the deposition rate.'””! Instead, the
vacuum deposition rate of Cs-based MHPs can be controlled
more easily due to their high evaporation temperature. There-
fore, dual-source deposition of CsX and PbX, and flash evapo-
ration of CsPbX; can be promising approaches to fabricate
compact CsPbX; emission layers in PeLEDs.

Furthermore, degradation of PeLEDs can be retarded
by changing the operation conditions. The use of a pulsed-
current-mode operation combined with negative pulses rather
than DC-mode operation may improve the device stability of
PeLEDs. The pulsed or alternating-current (AC)-mode opera-
tion in OLEDs or AC EL devices has been considered to
increase the operational lifetime because frequent reversal of
the applied voltage can prevent charge accumulation at inter-
faces in OLEDs, and dielectric layers in AC EL devices (which
are absent in DC-driven OLEDs) can suppress side reactions
between electrodes and emission layers and block ingress
of moisture and oxygen.['%1%8] In PeLEDs or perovskite AC
EL devices, the pulsed or AC-mode operation can be more
effective to improve device stability than in OLEDs because
AC-driven PeLEDs can avoid accumulation of migrated ions
(which have escaped from the MHP lattice) at interfaces,
and the dielectric layers in perovskite AC EL devices can also
block ion migration.

For display applications of PeLEDs, red, green, and blue
PeLEDs with high efficiency and stability must be realized.
The color of PeLEDs can be simply tuned by substitution of
halogen anions,” but tuning the color with substitution
of halogen anions may result in low efficiency of the
PeLEDs, especially for blue PeLEDs based on CI~ anions.[1%
The low efficiency of blue PeLEDs based on CI” anions
(e.g., CEpax = 0.14 cd A9 i due to the low PLQE and to
phase separation caused by migration of halide anions. We sug-
gest that RP MHPs can substantially contribute to the realiza-
tion of high-efficiency multicolored PeLEDs. In RP MHPs,
exciton confinement causes an increase in the bandgap as m
decreases, so the blueshift in the emission spectrum can be
controlled by adjusting the amount of large OA. For example,
CsPDbBr; mixed with 4-phenylbutylammonium bromide showed
a PL emission peak at 475 nm which is blueshifted by =52 nm
compared to the peak of 3D CsPbBr; (527 nm).'83] Therefore,
the color of PeLEDs can be further precisely tuned in combi-
nation with halide anion substitution. Combined with other
advantages such as increased exciton binding energy, reduced
trap density, and the ability to prevent ion migration, the color
tunability of RP MHPs provides the possibility of high-effi-
ciency blue and sky-blue PeLEDs.

The industrialization of PeLEDs may be imminent.
Although the operational stability of PeLEDs must still be fur-
ther improved, we believe that the instability will be overcome
eventually because the major degradation mechanisms are
known. Furthermore, MHP NP emitters themselves might be
commercialized much earlier than PeLEDs because the MHP
NPs can be used in photoluminescent color filters with their
remarkably high color purity for downconversion of an excita-
tion light source.l””"1% From this work here, researchers should
gain insight into recent studies, and eventually contribute to
the development of high-stability PeLEDs.
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