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A roadmap for the commercialization
of perovskite light emitters
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applications.

Displays have become a core technology for human
convenience in the current information society.
Light-emitting diodes (LEDs) are essential parts of
display technology; they need to have high colour
purity, high luminescence efficiency, high resolution
and long-term stability. In present displays, organic
light-emitting diodes (OLEDs) offer high efficiency
and long lifetime and are widely used in various display
markets such as mobile phones and televisions. OLEDs
possess relatively broad photoluminescence (PL) and
electroluminescence (EL) spectra: the full width at
half maximum (FWHM) of their emission is generally
larger than 45nm (REF'), which represents around 85%
of the colour gamut required by the National Television
System Committee and about 65% of the colour space
required by the ITU-R Recommendation BT.2020
(Rec.2020) for 4K and 8K ultra-high definition televi-
sion standard, based on the chromaticity diagram from
the Commission internationale de léclairage (CIE)'.
Currently, commercial OLEDs are produced using vac-
uum evaporation, which entails high cost to fabricate
a multilayered structure of OLED stacks. Inorganic
colloidal quantum dots (QDs) have also been used for
colour-conversion in liquid crystal displays (LCDs).
Although QDs can provide a colour gamut of over 110%
of the National Television System Committee standard
with FWHM of around 30 nm, this is still insufficient to
meet the colour standard required in high-colour-purity
displays (about 85% of Rec.2020)”. Other disadvantages
of QDs, such as their expensive and complex synthesis,
remain obstacles to wide application®.

26, Yitong Dong?, Richard H. Friend®%,

2,5

Abstract | Metal halide perovskites (MHPs) possess advantageous optoelectronic properties,

so perovskite emitters and perovskite light-emitting diodes (PeLEDs) are promising candidates
for next-generation high-colour-purity displays and lighting applications. Within the past 5 years,
the luminescence efficiency of MHP emitters and PeLEDs has increased rapidly. However, the
industrial applications of perovskites are impeded by several technical bottlenecks, such as
insufficient colour reproducibility, low operational stability, toxicity and limited large-scale
production. In this Review, we survey the current status of MHP emitters and PeLEDs and provide
atechnical roadmap to highlight the goals and requirements for them to successfully enter the
markets for vivid displays with high colour purity, augmented and virtual reality displays and
general and special lighting. We also set out steps for future research in MHPs and their device

Metal halide perovskites (MHPs) have narrowband
emission (with FWHM of about 35 nm for red* and
about 20 nm for green®* and blue”'?) and an easily tune-
able bandgap (with an emission range of 410-850 nm),
so they are regarded as promising candidates for appli-
cations such as high-colour-purity displays, biomedical
imaging and surveillance"*''-"*. The market share of
high-end OLED and micro-LED televisions with high
resolution and colour purity has continuously increased
despite their high price, indicating an increasing con-
sumer demand for more vivid displays'>. MHPs are the
only emitters that can fully satisfy the required colour
gamut (Rec.2020) for ultra-high definition displays at
low cost'®.

OLEDs and quantum dot LEDs (QD-LEDs) have
been developed for display technologies for around
207years. By contrast, perovskite light-emitting diodes
(PeLEDs) have been investigated for only a few years.
However, the external quantum efficiency (EQE) of
PeLEDs has increased much more rapidly than that
of OLEDs and QD-LEDs. The commercialization of
PeLEDs is challenging; their insufficient operational sta-
bility is one of the biggest issues, together with the need
to develop environmentally friendly synthesis routes for
MHPs and large-scale production methods.

This Review identifies key challenges in the devel-
opment of MHP materials and PeLEDs towards com-
mercialization by considering the needs of the consumer
electronics market and the demands for PeLEDs at
the industrial level. We propose a technical roadmap
for research on PeLEDs, targeting the technological
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evolution of materials and devices towards applications
to guide research in this emerging field.

Current status of metal halide perovskites
In MHPs, the conduction band minimum (CBM) is
formed by the unoccupied Pb 6p-halide ns antibonding
orbitals (such as Cl 3s, Br 4s and I 5s; n is the princi-
pal quantum number) and is mostly affected by the Pb
p orbital, whereas the valence band maximum (VBM)
is composed of the filled Pb 6s-halide np antibonding
orbitals (such as Cl 3p, Br 4p and I 5p)'"-"*. These proper-
ties enable easy bandgap tuning by substituting halides™.
Also, MHPs form a direct bandgap that enables a high
absorption coefficient (>10°cm™)?, a high PL quantum
yield (PLQY; close to 1) and a high PeLED EL efficiency.
Bulk MHPs have an exciton binding energy as
low as a few tens to hundreds of millielectronvolts
(26-150meV)*, and a carrier diffusion length longer
than 1 um, much longer than in organic materials (about
10nm)***. This long diffusion length can be a disadvan-
tage in light-emitting applications owing to increased
nonradiative recombination caused by deep-level traps at
the MHP surface or at device interfaces, because PeLEDs
have a thickness of only a few hundred nanometres'**>”’.
Methods of increasing the binding energy and the radia-
tive recombination rate include the formation of layered
2D MHPs, which results in charge-carrier confinement
by reducing the 3D MHP’s crystal size'*>**. At room
temperature, the linewidth of the PL spectrum of MHPs
with polar Pb-halide bonds is affected mainly by the cou-
plings between charge carriers and longitudinal optical
phonons via Frohlich interactions rather than by impu-
rities or defects**". Therefore, MHPs whose emission
depends on their crystal structures and compositions
can have alow FWHM of around 20 nm that is relatively
insensitive to the crystal size and to intrinsic defects.
The luminescence efficiencies of PeLEDs based on
MHP emitters have increased rapidly (FIC. 1a). The evo-
lution of the EQE of PeLEDs can be divided into three
stages. In the first stage, the luminescence of PeLED:s at
room temperature was too dim to be measured. This
changed when the first bright PeLED (300-400 cd m2)
with a low EQE of about 0.1% was demonstrated in 2014,
using polycrystalline MHPs (grain size >100 nm)*-'.
Following that, a PeLED with a EQE of about 8% was
achieved by reducing the grain size in 2015 (REF."),
opening up the second stage of PeLED development,
with EQEs of around 10%. In 2018, the third stage
started, with the development of PeLEDs possess-
ing EQEs of about 20% through the development of
defect-passivated polycrystalline MHP films*>*, synthe-
sis and ligand-engineering strategies for nanocrystals*
and the use of mixed-dimensional perovskite films*"*.
The properties of MHPs for PL-type displays and of
PeLEDs for EL-type displays are summarized in TABLE 1.
Stability against air, moisture and ultraviolet irradiation
can be obtained by encapsulation®’.
Colour-conversion films based on perovskite nano-
crystals (PeNCs) have been developed by various
companies (such as Quantum Solutions, Avantama,
Peroled, Nanolumi, Zhijing Nanotech and Helio Display
Materials). At present, PeNC colour-conversion layers

retain more than 70-80% of the initial PL (such as
QDot LCD SharpGreen perovskite film) after more
than 1,000 hours under heat (85°C) and high humidity
(90% relative humidity at 60 °C).

Green-emitting and red-emitting PeLEDs have EQE
of over 20% (green: 23.4% at 531 nm (REF), red: 23% at
640nm (REF?), exceeding the EQE of fluorescent OLEDs,
but the highest efficiency of blue-emitting PeLEDs is
just 12.3% at 479 nm (REF). Further improvements in
device engineering and light outcoupling are needed for
high-efficiency PeLEDs to reach their theoretical EQE,
which is about 30% for PeNC LEDs".

The operational lifetime of PeLEDs does not yet meet
the requirement for commercial use (half-lifetime (T,)
>10,000-400,000 hours at 1,000 cd m2), which varies
depending on the emission colour and application***'.
The lifetime of PeLEDs has improved less quickly than
has their efficiency (FIG. 1a). The longest T, for PeLEDs
is 250 hours (at 100 cd m2) for green®, 2,100 hours
(at 100 cd m™?) for red®, and <12 hours (at 102 cd m2)
for blue*. It is difficult to make a fair comparison with
vacuum-deposited OLEDs because PeLEDs are made by
solution processing, but it is clear that the operational
lifetime of PeLEDs is still poor for practical applications.

To enable the application of PeLEDs in high-colour-
purity displays that satisfy Rec.2020, four requirements
must be met: emission wavelength (630 nm for red,
532 nm for green and 465 nm for blue), colour purity
(FWHM < 30nm for red, <20 nm for green and blue),
high device efficiency and long lifetime.

The colour gamut of organic emitters, Cd QDs,
Cd-free QDs, PeNCs and polycrystalline perovskites are
compared in FIC.1b. A narrow FWHM and appropriate
emission wavelength determine the coverage of Rec.2020.
The large FWHM (>40 nm) of organic emitters covers
only a small portion of Rec.2020 (REFS."~""). Several nar-
rowband OLEDs have been reported, but their Rec.2020
agreement is lower than that of PeLEDs owing to a
broader shoulder peak and tail***’. QDs have FWHMs
between 20 nm and 40 nm, but owing to their nonideal
size and distribution control, their Rec.2020 agreement
is lower than that of MHPs*"~*. By contrast, the FWHM
and emission colour of MHPs are not strongly dependent
on their size’’. PeNCs and polycrystalline MHPs cover
about 100% of the Rec.2020 area™*** (FIC. 1 ).

Synthesizing organic emitters takes several days, the
longest production time among emitters®~* (FIG. 1d).
The production time of QDs is estimated to be around
6hours considering the slow reaction and shell-growing
steps™*. Perovskites require the shortest production
time. Ligand-assisted reprecipitation takes around
10 minutes per reaction®-*, and hot injection takes
around 1 hour, including precursor preparation and
reaction time®'',

We evaluate material cost according to the price of
precursors. Perovskites are composed of inexpensive
materials (such as CsPbBr,, requiring PbBr, and Cs,CO,,
at an average cost of US$2 per gram)'' compared to Cd
QDs (such as CdSe/ZnS, requiring Cd(OAc),, ZnO, Se,
Sand OA, at an average cost of US$5 per gram)*’, Cd-free
QDs (such as InP/ZnSe/ZnS, requiring In(C,H,0,),,
[(CH,),Si],P, Zn(OAc),, Se and S, at an average cost
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Fig. 1| Current status of perovskite light emitters. a | Evolution over time of the external quantum efficiency (EQE) and
the lifetime of perovskite light-emitting diodes (PeLEDs). The values for commercial organic light-emitting diodes (OLEDs)
are marked for comparison. Filled squares indicate the EQE values obtained considering the full angular EL distribution
and hollow squares indicate the EQE values calculated using the Lambertian assumption. If the PeLED is treated as a
Lambertian source, the radiance is independent of viewing angle, and the EQE calculation can be simplified using a single
measurement at a viewing point parallel to the pixel. However, the Lambertian assumption leads to errors when the light
source has non-Lambertian emission, and the radiance depends on the viewing angle. Because PeLEDs, unlike OLEDs,
tend to have non-Lambertian emission, full angular measurements are required to obtain accurate EQE values”". Circles
indicate the electroluminescence lifetime for each colour. b | Rec.2020 agreement and full width at half maximum (FWHM)
for red, green and blue for different classes of emitters. The Rec.2020 agreement represents the percentage of the colour
gamut encompassed by two primary colours of Rec.2020 and one colour of the light emitter, compared to that covered

by the three primary colours of Rec.2020. ¢ | Colour gamut coverage of displays made of different materials. The CIE
chromaticity diagram and the colour gamut coverage of OLEDs, quantum dot LEDs (QD-LEDs) and PeLED were obtained
from published data. PeLED: red (wavelength 689 nm, FWHM 35.6 nm)**, green (wavelength 529 nm, FWHM 22.8 nm)**,
blue (wavelength 466 nm, FWHM 17.9 nm)’; QD-LED: red (wavelength 640 nm, FWHM 29 nm)**%, green (wavelength 535nm,
FWHM 42 nm)>?, blue (wavelength 464 nm, FWHM 20 nm)***; OLED: red (wavelength 644 nm, FWHM 117 nm)**, green
(wavelength 520 nm, FWHM 44 nm)”*, blue (wavelength 425 nm, FWHM 63 nm)*. d | Comparison of light-emitting
materials from economic and environmental viewpoints. Material cost is in US dollars in 2020. ppm, parts per million;
RoHS, Restriction of Hazardous Substances.

of US$14 per gram)® and the organic emitter Ir(ppy),
(about US$45 per gram)™.

The extinction coefficient k of a material is related
to its ability to absorb light. Perovskites have a higher k
(20-50 (cm uM)!) than Cd QDs (2-8 (cm pM)™),
Cd-free QDs (1-5(cm pM)™") and organic emitters
(0.01-1 (cm puM)1)*". Therefore, colour-conversion
layers based on perovskites require less material.

The Restriction of Hazardous Substances (RoHS)
directive limits the concentration of hazardous

substances to <100 ppm for Cd and <1,000 ppm for Pb
by weight®. Hence, Cd QDs are more strictly regulated
than MHPs. Organic emitters and Cd-free QDs are not
restricted by RoHS.

New opportunities for perovskite emitters

The use of displays has been extended to include appli-
cations such as LED walls and digital signage, and the
advent of the internet of things positioned displays as a
medium of visual interaction between humans and the
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Table 1| Performance of state-of-the-art MHPs for PL and EL applications

MHP composition Strategy Ligand or Performance Stability Wavelength FWHM Year Ref.
passivation agent (PLQY for PL (nm) (nm)
and EQE for EL
applications)
PL applications
CsPbBr, Oxides core-shell SiO, 71% Over 50 days in = 20 2020 %
H,O, HCl, ultraviolet
irradiation
MAPbBr, Oxides core-shell SiO, 70% Over 600 days in 530 22 2021 2
H,0,0,,HCland
NaOH solution
MAPbBr, Oxides core—shell SiO, and PVDF 85.5% Over 30daysinH,0, 530 27 2019 o
. over 60 days in air
Organic core—shell
CsPbBr, Organic core=shell PS-2-PVDF 51% Over 60 days in = 23 2017 19
EtOH/IPA
FAPbBr, Organic passivation SEBS 82% Over70daysinH,0 522 = 2020 0
CsPbBr, Perovskite core=shell  Cs,PbBr, 96.2% Over 7 days in air 516 = 2018 2
CsPbBr, Perovskite core-shell ~ Rb,PbBr 85% Over 2 days 505 = 2018
in ultraviolet
irradiation
EL applications (nanocrystals)
CsPbBr, Ligand engineering NaBr ~12.3%° 20h at90cd m 479 - 2020 !
FAPbBr, Ligand engineering 2-Naphthalene ~19.5% 20minat100cdm™ 532 21 2021 o
sulfonic acid
CsPbBr, Ligand engineering NaBr ~22%° 1hat1,200cd m™ 504 = 2020 !
CsPbBr, Ligand engineering ZnBr, ~16.48% 136 min at 518 18 2018 o
0.6mAcm™
CsPbl, Ligand engineering Kl ~23%° 10hat 200cd m™ 640 31 2021 ’
CsPb(Br/l), Ligand engineering OLA-HI 21.3% 5min at 100cd m 649 31 2018 !
An-HI 14.1% 180min at 649 29 2018 !
100cd m™
CsPbBr, Ligand engineering DDDAM/PEA ~4.7%° 12hat102cd m™ 470 27 2021 “
Defect passivation HBr etching ~4.7%° 12hat102cdm 470 27 2021 “
FA,,GA,,PbBr, Defect passivation GABr, TBTB 23.4% 132 min at 531 = 2021 o
100cd m™
CsPbl, Defect passivation PMA ~17.8%° 317hat30mAcm™ 689 37 2021 >
FAPbBr, Interfacial engineering TBB ~20.1%° 2.9hat100cdm™ 531 20 2020 8
CsPbBr, Interfacial engineering TSPO1 ~18.7% 15.8hat100cdm? 516 20 2020 17
CsPbBr, Device structure PO-T2T/TPBi 21.63% 180.1hat100cdm™ 520 18 2021 '
engineering
EL applications (polycrystalline thin films)
(Rb/Cs/FA)Pb(Br/Cl);  Vapour-assisted Ru* ~11.0/5.5%° ~1-2min 477/ 466 18 2021 10
crystallization/defect
passivation
CsPbBr3/MABr Defect passivation MABr ~20.3%° 10.42 min at 525 20 2018 i
7,130cdm™
FA,3;Csy6;,Pb(l,;Bry5),  Defect passivation FPMATFA ~20.9%° 14hat2.5mAcm™ 694 37 2021
PEA,Cs, ,Pb X, ., Defect passivation 18-Crown-6, ~28.1%° 404hat100cdm? - - 2021 Z2
poly(ethylene
glycol) methyl
ether acrylate
FPMAI: MAPbl, 2D-3D mixed MHP/ = ~16.1%? 19.6hat3mAcm™ 725 = 2021 %
blade coating
PEA,Cs, ;MA,,Pb,Br,;  2D-3D mixed MHP/ Tris(4-fluorophenyl)  25.6% 115min at 517 50 2021
defect passivation phosphine oxide 7,200cdm
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Table 1 (cont.) | Performance of state-of-the-art MHPs for PL and EL applications

MHP composition Strategy Ligand or Performance  Stability Wavelength FWHM Year Ref.
passivation agent (PLQY for PL (nm) (nm)
and EQE for EL
applications)
EL applications (polycrystalline thin films) (cont.)
CsPbBr,:PEACL 2D-3D mixed MHP/ YCL, 11.0/ 4.8% - 485/477 - 2019 8
defect passivation
p-FPEA,MA_,Pb Br, ., 2D-3D mixed MHP/ CF,KO,S 20.36% 6.5 min at ~525 20.1 2021 0
defect passivation 10,000cd m™
PEA,PbBr,(CsPbBr;),  2D-3D mixed MHP/ Ethoxylated ~22.49%° 52minat144cdm™ 508 20 2021 ¢
defect passivation trimethylolpropane
triacrylate
PEABr: CsPbBr, 2D-3D mixed MHP/ Methylene- 16.8% 208hat100cdm™ 516 17 2021
crosslinking/defect bis-acrylamide,
passivation K,S,0,
CsPbBr, Crystal size reduction/  Cs-TFA ~10.5%* 250hat100cdm™ 518 19 2019 o
defect passivation
PBABr: (Cs/FA)PbBr, In situ nanocrystal - 9.5% 250sat 100cdm™ 483 26 2019 158
formation
PEA,Cs, ,Pb,(l,Bry,)s..;  Insitunanocrystal Perovskite matrix ~ ~18%? 25hat914cdm? 650 - 2021 “
formation 2,100h at 100cd m™
PEACL:CsPbBr, Device structure Conjugated ~13.5%° 290sat5V 488 - 2021 #1
engineering polyelectrolytes
TB(MA)

An-HI, aniline hydroiodide; Cs-TFA, caesium trifluoroacetate; DDDAM, didodecylamine; EL, electroluminescence; EQE, external quantum efficiency; EtOH, ethanol;
FPMALI, fluorophenylmethylammonium iodide; FPMATFA, 4-fluorophenylmethylammonium-trifluoroacetate; FWHM, full width at half maximum; GABr, guanidinium
bromide; IPA, 2-propanol; KI, potassium iodide; MHP, metal halide perovskite; OLA-HI, oleylammonium hydroiodide; PBABr, phenylbutylammonium bromide;

PEA, phenethylamine; PEABr, phenethylammonium bromide; p-FPEA, p-fluorophenethylamine; PL, photoluminescence; PLQY, photoluminescent quantum yield;
PMA, poly(maleicanhydride-alt-1-octadecene); PO-T2T, 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine; PS, polystyrene; PVDF, polyvinylidene fluoride;
SEBS, styrene-ethylene-butylene-styrene; TBB, 1,3,5-tris(bromomethyl) benzene; TB(MA), conjugated polyelectrolyte with CH;NH,* (MA*) counterion;

TBTB, 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene; TPBi, 2,2',2"'-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); TSPO1, oxide-4-(triphenylsilyl)phenyl.
°EQE calculated with Lambertian assumption.

internet®. LCDs and LEDs are the two main types of dis-
plays, and MHPs can be applied in both. In LCD screens,
MHPs can be used as a colour-conversion layer that
downshifts the backlight to yield RGB light”*”" (FIG.2a,
left). TCL and Zhijin Nanotech have demonstrated com-
mercial LCD televisions based on perovskite-QD films.
MHPs can also be used as EL-type LEDs and form the
light-emitting component in the display® (FIG. 2a, right).

Near-eye displays are a newly emerging hardware
format to realize augmented and virtual reality (AR and
VR). Considering the distance between the eyes and the
display, a near-eye display requires a very high reso-
lution (>6,000 pixels per inch) to prevent a pixelated
view’. Therefore, a delicate patterning process must
be developed to reduce pixel size and pitch™. Also, the
conventional colour-conversion layers based on QDs
must be thick enough to achieve high colour conver-
sion efficiency’™, and a thickness of more than 5pum is
required (usually 50-100 um free-standing QD enhance-
ment films are used for televisions)”. This requirement
prevents the application of QD colour-conversion lay-
ers in near-eye displays with a thin profile. As MHPs
have a high extinction coefficient, a colour-conversion
layer based on MHPs can effectively absorb the back-
light with thicknesses smaller than 5pm (REFS.*~*"). The
reduced thickness of the colour-conversion layer enables
a high-resolution patterning process’.

Finally, LED lighting with high efficiency and long
lifetime has replaced incandescent and fluorescent lamps

in the market””. The colour-tuneable emission with nar-
row FWHM of PeLEDs can be used for sophisticated
special lighting tasks. For example, red and blue light-
ing can be used in greenhouses to stimulate the growth
and development of plants’™. Colour-tuneable lighting
could be used for human-centric lightings, as different
colour temperatures influence hormonal secretion and
biological rhythms”.

Technical challenges and roadmap
The technical roadmap for the development of per-
ovskite light emitters over the next 10 years is shown
in FIC. 2b, and is determined by the timeline of poten-
tial market entry. The potential markets are categorized
by applications such as PL-type and EL-type displays,
general and special lighting, and AR and VR. The time-
lines for the markets, industrial demands and technical
developments indicate the expected time at which each
application will enter the market, detemined by compar-
ing the technical maturity of the required materials and
devices to the concomitant industrial requirements for
each application, and the time needed to develop pro-
cesses and technologies for the production of materials
and devices. PL-type displays are considered an appli-
cation in which MHPs could be used within 4 years. AR
and VR displays are expected to be the last application
to be realized (Supplementary information).

To apply MHPs at the industrial level, PeLEDs
must both meet Rec.2020 requirements and achieve
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EL type: LED display
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Rec.2020 (red:630+3 nm,green: 53243 nm, blue: 465+3 nm)
Colour purity (FWHM, blue <20 nm, green< 20 nm, red <30 nm)
Luminous efficiency (EQE, green: 30%, red: 25%, blue: 20%)
Stability (T, ,@ 100 nit, green: 1,000,000 h, red: 200,000 h, blue: 10,000 h)
Large area production (>100 cm?)

Environmentally friendly perovskite (RoHS)
Technical roadmap for perovskite light emitters
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Nanocrystal synthesis (R,G,B)
Ligand engineering/encapsulation of nanocrystals Pb-free, environmentally friendly perovskite synthesis
Polycrystalline perovskite film growth Polycrystalline perovskite film defect management
Polycrystalline surface engineering Defect characterization, materials degradation mechanism analysis

Nanocrystal colour conversion film resin White/special lighting devices
Outcoupling efficiency Flexible/stretchable devices
LED degradation mechanism analysis and stability improvement
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Processing
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Year

Fig. 2 | Technical roadmap for perovskite light emitters. a| Metal halide perovskites can be used as colour-conversion
layers in photoluminescence (PL)-type displays (left) or as light emitters in electroluminescence (EL)-type light-emitting
diode (LED) displays (right). b | Technical roadmap for the development of perovskite-based light emitters and light-
emitting diodes over the next 10 years. AR/VR, augmented and virtual reality; EQE, external quantum efficiency; FWHM, full
width at half maximum; Nit, candela per square metre; OLED, organic light-emitting diode; RoHS, Restriction of Hazardous
Substances. Multi-colour images in panels a and b credit: THEPALMER/Getty Images.

high environmental stability. The primary colours
of Rec.2020 are equivalent to monochromatic light
sources, so the 100% colour gamut of Rec.2020 can-
not possibly be met by PeLEDs, because the colours
of PeLEDs are limited by the bandgap tuneability and
by the slightly broad FWHM. Instead, wavelengths for
primary colours (630 nm for red, 532 nm for green and
465 nm for blue) and narrow FWHMs (<30 nm for red,
<20nm for green and blue) were set as the first practical
goal, leading to an approximately 96% coverage of the
Rec.2020 colour gamut.

Target luminescence efficiencies and operational life-
times for each colour are specified in FIG. 2b for EL-type
display applications, which are expected to be developed
within 6 years, based on the timing of the development
of OLED displays. Prime requirements are the ability
to produce large-area MHP emitter films or PeLEDs
for large-area displays and lighting applications, and to
develop environmentally benign MHP compositions
that meet the RoHS requirements (Supplementary infor-
mation). Following the technical roadmap presented

here, we discuss the research challenges that must be
resolved to enable successful industrial applications, and
identify some technologies that need to be developed
to address these challenges. The purpose of this Review
is to provide researchers with a clear direction for the
technological evolution of MHPs for practical display
and lighting applications.

Perovskite nanocrystals

PeNCs are colloidal nanocrystals about 10 nm in size
surrounded by organic ligands with a low dielectric con-
stant that effectively confine excitons in the PeNCs and
promote radiative recombination®. The emission colour
of PeNCs with sizes larger than the exciton Bohr diam-
eter does not depend strongly on size. Therefore, line
broadening caused by size inhomogeneities is negligible
and a narrow FWHM can be achieved™*®.

PeNCs are expected to be the first MHPs to find
application in PL-type displays thanks to their high
PLQY and scalable processability*>*’. However, owing to
their high surface-to-volume ratio and unstable ligands,
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PeNCs easily agglomerate, which reduces their PLQY.
Therefore, the chemical dynamics of PeNC surface and
ligands must be better understood, and methods to sup-
press surface defects must be developed. Also, EL-type
displays require efficient charge injection, and so the
electrical properties of PeNCs must be considered®'.
Strategies such as ligand engineering, composition engi-
neering and defect passivation have been introduced to
achieve a high EQE in PeNC PeLEDs (FIC. 3a).

In this section, we discuss the application of defect
engineering, surface chemistry and ligand engineering in
PeNCs. Additionally, we introduce the use of core-shell
structures to overcome the poor stability of PeNCs.

Perovskite nanocrystal synthesis. Various approaches
can be used to synthesize PeNCs**%; the main
ones are ligand-assisted reprecipitation®-** and hot
injection''. Room-temperature triple ligand synthesis*,
ultrasonication®*, grinding and high-temperature solid-
state synthesis®® are other methods used to synthesize
PeNCs. Ligand-assisted reprecipitation is a good option
for achieving fast and cost-effective synthesis for com-
mercialization, because the reaction takes only a few
minutes in ambient conditions at room temperature®"®.
Longer amine ligands and larger amounts of oleic acid
(OA) lead to smaller PeNCs™* (FIG. 3b). However, ligand-
assisted reprecipitation results in low PLQY and has low
production capacity. I" in red PeNCs strongly interacts
with polar solvents and bonds weakly with ligands®>*’;
Cl" in blue PeNCs introduces deep trap states and has
low solubility”. Using less coordinative polar solvents
such as gamma-butyrolacton or acetonitrile can improve
the PLQY and stability of red PeNCs”, and introduc-
ing soluble Cl-based precursors in nonpolar solvents
should improve the PLQY and production capacity of
blue PeNCs”*~*,

In the hot injection method, Cs-oleate is injected into
a PbX, solution at a certain reaction temperature. Then,
the precursors thermally decompose and recrystallize as
PeNCs'". The shapes, sizes and phases of the PeNCs can
be controlled by adjusting the temperature, ligands and
precursors. Higher reaction temperatures yield larger
PeNCs. Nanoplatelets or nanorods can also be fabricated
at low temperature with high Cs/Pb ratios™° (FIC. 3c).
The hot injection method requires a high temperature
of 170-200°C, complicated precursor preparation and
inert conditions. Moreover, the method requires fast
quenching.

To obtain PeLEDs with high efficiency and long
lifetimes, high PLQY and facile charge injection are
required. Regardless of synthesis methods, PeNCs
show n-type properties that include a deep VBM and
a Fermi energy close to the CBM*>~', which hinder
hole injection and cause charge imbalance. These issues
are possibly caused by halide vacancies, which lead to
non-radiative recombination and n-type defects'*~'%,
and metallic Pb° generated on the surface of MHPs,
which induces Fermi-level pinning at the CBM and
contributes to the n-type characteristics'®.

Modulating the precursors and additives during
synthesis can increase the PLQY and facilitate charge
injection. Introducing large amounts of metal dihalides,
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MX,, as an additive during the synthesis of PeNCs leads
to halide-rich conditions and prevents the formation
of halide vacancies. Alternatively, metal cations can
either be doped into the lattice or located at the surface
to stabilize or passivate the PeNCs'’"'". For example,
Cul, or Znl, doping yields a stable a-phase, high PLQY
(>90%) and increased EQE’*'"!, Zr** modifies the sur-
face of CsPbl, and prevents the formation of Pb® (REF.'*).
The energy level shift results in a lower hole injection
barrier, yielding high luminance and limited decrease
in efficiency with increasing brightness'’. Additionally,
surface passivation using Zn*", K* and Nb** can upshift
the band edge of PeNCs and increase the EQE™'*"1?
(FIG. 3d). When using ligand-assisted reprecipitation, tun-
ing the ratio of FABr to PbBr, can modulate the electrical
transport of FAPbBr, nanocrystals. The shallowest VBM
(about 5.85¢eV) at the optimized ratio of 2.2:1 resulted in
a maximum EQE of 17.1%, and a maximum luminance
of 67,115cdm™ (REF.'*).

Ligand engineering of perovskite nanocrystals. PeNCs
have a high surface-to-volume ratio and low defect-
formation energy at the surface'"”. Therefore, under-
standing their surface chemistry and the interactions
between ligands and MHPs is a short-term goal that will
help to achieve high efficiency and stability.

The instability of PeNCs is attributed to three reasons.
First, acid-base reactions between OA and oleylamine
(OLA) reversibly detach them from the surface, leav-
ing an under-coordinated surface''. Second, chemical
reactions between OLA and OA to form oleyl oleamide
cause surface defects and agglomeration of PeNCs''>'¢.
The oleyl oleamide reaction also generates H,O that can
damage the perovskite’”. Third, OLA can coordinate
with adjacent surface X~ and readily detach from the
surface in the form of oleylammonium halide'".

Moreover, the insulating long-chain ligands limit the
efficiency of PeLEDs. A highly conductive PeNC layer
is required for efficient charge injection to obtain high
luminance and stability. Also, a reduction in the series
resistance in devices reduces Joule heating, and there-
fore prevents thermal degradation of the perovskite’.
Furthermore, high conductivity reduces local carrier
concentration, thus suppressing Auger recombination'"’.

The main strategies for ligand engineering are wash-
ing, post-treatment (or ligand exchange) with shorter
ligands or halide compounds, and using tightly binding
ligands.

The washing strategy effectively decreases the
ligand density, thus increasing charge injection into
PeNCs''*°, Additionally, washing removes more OA
than OLA, suppressing the acid-base reactions and
increasing the colloidal stability''*. Methyl acetate, ethyl
acetate and acetone are used as flocculation solvents'**'*'.

The washing process inevitably decreases the PLQY
because the removal of ligands generates surface
defects'**'?. Therefore, additional ligands of halide ani-
ons are added (the ligand exchange strategy) into the
washed PeNCs to passivate trap sites”'''*. Moreover,
halide anions have a higher affinity than oleate does
to Pb*, so they remove the remaining OA and pre-
vent further acid-base reactions***'**. Post-treatment
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using oleylammonium iodide (OLA-HI) or aniline
hydroiodide (An-HI) has enabled a high EQE (20.3%)
in red PeLEDs". Didodecyldimethylammonium bro-
mide (DDAB) has been widely used as a stable ligand
to replace OA and OLA. Fully substituted quaternary
amines are permanently charged, and therefore are
not neutralized by the acid-base reaction. Moreover,
Br~ in DDAB passivates the surface of the PeNC'*.
A bipolar shell consisting of an X~ inner shell and an A*
cation (NaBr’/KI’) outer shell yielded an EQE of 23%
for red’ and of 12.3% for blue’. The bipolar shell pro-
vides colloidal stability by electrostatic repulsion with-
out insulating ligands, thus imparting high hole mobility
(102cm?Vs!) to PeNCs’.

In the tightly binding ligands strategy, to prevent
ligand detachment, strongly bound ligands are used. For

124 125

example, bidentate ligands'** or zwitterionic ligands
bind stably to the PeNC surface because of additional
binding groups and chelating effects. In addition,
softer acids such as phosphonic acid'**'*” and sulfonic
acid"?®'** have been introduced to strongly bind to
uncoordinated Pb, according to soft-hard acid-base
theory™.

Ligands can affect the hole and electron mobility of
PeNCs”>712 (FIC. 3¢). Ligand-exchanged PeNCs show
high mobility and a high PLQY, and can thus be suita-
ble for both PL and EL applications. PeNCs coated with
OA and OLA have high PLQY, comparable to that of
ligand-exchanged PeNCs produced using compositional
engineering followed by an adequate washing process”.
However, the carrier mobility of PeNCs coated in OA
and OLA is low, limiting EL efficiencies.
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< Fig. 3| Synthesis and surface-modification strategies for PeNCs. a | External quantum

efficiency (EQE) versus wavelength obtained with different strategies to engineer per-
ovskite nanocrystals (PeNCs) for perovskite light-emitting diodes (PeLEDs). Filled squares
indicate EQEs calculated with the Lambertian assumption; hollow squares indicate EQEs
calculated considering the full angular emission. b | Ligand-assisted reprecipitation
method for the synthesis of PeNCs. ¢ | Hot injection method for the synthesis of PeNCs.
d| Energy-level diagrams of various PeNCs. Both the conduction band minimum (CBM)
and the valence band maximum (VBM) shift up after doping and surface passivation (with
Zn™, Zr**, Cu?*, Nb** or K*), or adjusting the FABr:PbBr, ratio to 2.2:1. The upshifted bands
(left, pristine bands are the ones on the right) reduce the hole injection barrier and
enhance hole injection. e | Photoluminescence quantum yield (PLQY) and carrier mobil-
ity of PeNCs with different ligand composition. The mobility values are derived from the
space charge limited current of hole-only and electron-only devices. The filled squares
indicate hole mobility, the hollow square indicates electron mobility. The colour of each
point represents the emission colour of the corresponding PeNC. The shading highlights
the ligands that could be alternatives to the traditional oleic acid (OA) and oleylamine
(OLA). f| Requirements, examples and positive effects of the core—shell structure of
PeNCs. The lattice parameters of the core and shell should be similar. If there is a substan-
tial lattice mismatch, both core and shell are under compressive or tensile strain, which
causes high defect density and rough shell morphology. Type-1 energy alignment
(deeper VBM and shallower CBM for the shell) is preferable for core—shell structures
that confine excitons in the core. Alignment of reverse type-1 (shallower VBM and
deeper CBM for the shell) or type-2 (both the VBM and CBM are deeper for the shell,

or vice versa) cannot confine excitons in the core. Various kinds of material (such as oxides,
polymers, metal chalcogenides and perovskites) can be used for shells. An-HlI, aniline
hydroiodide; DDDAM, didodecylamine; DMF, dimethylformamide; OLA-HI, oleylammo-
nium hydroiodide; PEA, phenethylamine. Data plotted in panel d is from REFS.%>*7-10%;
data plotted in panel e is from REFS #74495:23%,

Core-shell perovskite nanocrystals. Considering the
outstanding PLQY but poor material stability of PeNCs,
increasing their stability will be the main task for the
next 5 years (FIG. 2b). To this end, core-shell structures
and encapsulated PeNCs have been developed.

For PL-type displays, various insulating shell mate-
rials and encapsulating polymers have been introduced
to increase the stability against oxygen, moisture and
light, or to reduce the toxicity of PeNCs for use in
colour-conversion layers (FIC. 3. Core-shell structures
that use inorganic oxides (SiO, AlO,, TiO,) give high
stability to PeNCs by protecting them from water'**-'%°,
In particular, densely packed shell structures have
excellent chemical stability and reduced toxicity. SiO,
shells organized by crosslinking were shown to pro-
tect the perovskite from oxygen, water, acid or base
solutions for 600 days*. Cells could proliferate on
core-shell PeNCs, proving their biocompatibility and
decreased toxicity”. A green colour-conversion layer
with crosslinked MAPbBr, showed 89% of Rec.2020
coverage, and a white-emitting colour-conversion layer
LED with crosslinked MAPbBr, and red-emitting Cd
QDs maintained CIE coordinates (0.316, 0.318) for
400 days™.

Embedding PeNCs in a polymer matrix is another
way to protect them from air and moisture, as long as
the polymer has high affinity with the PeNC ligands'*°.
Styrene-ethylene-butylene-styrene with high compati-
bility with PeNCs suppressed PeNC degradation in water
for 70 days’.

For EL-type displays, the stability and lifetime of
PeNCs have increased continuously: a Ty, of several hun-
dreds of hours at 100 cd m™ was achieved™'”’. However,
this value is still insufficient for commercialization. One
of the main reasons for the low lifetime of PeLEDs is ion
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migration in perovskites'*. Because 3D-2D structured
perovskites'* and grain-boundary inter-crosslinking'*’
can prevent ion migration, forming a core-shell struc-
ture is a promising way of increasing the lifetime of
PeLEDs. Additional advantages of the core-shell struc-
ture are that the shell can passivate surface defects,
facilitate exciton recombination'"' and suppress Auger
recombination'”.

The synthesis of core-shell PeNCs for EL display
must meet several requirements: a type-1 band align-
ment that confines the excitons in the core and facili-
tates radiative recombination; a small lattice mismatch
between core and shell to prevent traps at the interface'*;
and the use of a semiconducting shell material that does
not block charge injection into the core (FIG. 37). Until
now, only a few core-shell PeNCs using alumina'*,
metal chalcogenides'*>'*® and perovskites'’” as shells
have been reported for PeLEDs, and methods to pre-
cisely control shell growth and to identify suitable shell
materials are needed.

Perovskite polycrystalline thin films

MHP polycrystalline thin films are grown directly
from a precursor solution without additional synthetic
processes. Such films can be developed as alternative
light emitters (instead of PeNCs). Generally, thin-film
MHP emitters have a longer operational lifetime in LEDs
compared to PeNC PeLEDs because they naturally avoid
the problem of surface ligand desorption that occurs
in PeNCs (TABLE 1). The absence of surface ligands in
thin-film MHP also leads to a higher charge transport
capability than in PeNCs. MHP grains are composed of
relatively large crystals that are less effective than PeNCs
in confining excitons and charges inside the emitter.
Also, polycrystalline perovskite thin films inevitably
have numerous imperfections at grain boundaries and
on the film surface?® 1>,

According to our roadmap, polycrystalline thin
film growth and the passivation of defects inside and
on the surface of grains or of the film are critical tasks
to be considered first (FIC. 2b). In perovskite polycrys-
talline thin films, crystal growth is crucial to achieve
high crystallinity and the concomitant low trap den-
sity. Also, owing to the low binding energy and long
carrier diffusion length of MHPs, the grains must be
small to ensure spatial charge confinement and limit
charge-carrier diffusion, as needed for high-efficiency
LED applications'>**"*!. Therefore, the thin films must
have small, carrier-confined perovskite crystals, grown
concurrently with passivated grain boundaries and
surfaces. The surface morphology of polycrystalline
MHP thin films also affects the efficiency and stability
of PeLEDs, and should be considered during polycrys-
talline thin film growth (Supplementary information).
PeLEDs fabricated using emitting layers that include
polycrystalline thin films have achieved different val-
ues of EQE depending on the growth method, such as
reduced crystal growth, growth of mixed-dimensional
phases, in situ nanocrystal formation and defect
passivation (FIG. 4a).

In this section, we summarize the mechanisms of
in situ perovskite crystal growth and defect passivation
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Fig. 4| Crystal-growth strategies for perovskite polycrystalline thin films. a| External quantum efficiency (EQE) versus
wavelength obtained with different growth and passivation methods used to obtain polycrystalline perovskite thin films.
Filled squares indicate EQEs calculated with the Lambertian assumption; hollow squares indicate EQEs calculated
considering the full angular emission. b | The LaMer diagram describes changes in precursor concentration in the solution
during the crystal growth process. C, is the critical supersaturation concentration, Cr';‘i‘rfle' is the minimum nucleation
concentration, and C:;ile' is a critical limiting supersaturation concentration***. The mechanism can be divided into three
stages: first, there is a sharp increase in free precursor concentration due to solvent evaporation or solubility changes;
then, when the solution concentration exceeds C;?:le', many nuclei form precursor monomers, and this process rapidly
reduces the precursor concentration from C™* to C"“'%’ in the final stage, crystal growth is controlled by the diffusion of
precursors as long as the monomer concentration exceeds C, (REF”*). ¢ | Schematic diagram showing the in situ control
of crystal size. The use of an anti-solvent during the spin coating of the precursor solution induces a high nucleation rate
and a large number of nuclei, resulting in polycrystalline thin films with small grain sizes. d | Exciton binding energy

of metal halide perovskites (Cs, ;FA,,Pbl, and CsPbBr,) as a function of 3D perovskite crystalsize. e | Schematic diagram
showing the formation of layered quasi-2D or 2D perovskites. Mixed-dimensional quasi-2D perovskites generally have

the formula A",A B X,..,, where A" is a bulky or long-chain organic cation, and n is the number of layers of octahedra.

f| Dependence of the exciton binding energy (full markers) and bandgap (empty markers) on the number of layers in
quasi-2D perovskites (PEA,(MAI), ,Pb |, ., and PEA,(FA ,Cs,,), ,Pb Br, ..). Data for panel d is from REFS.”****, data for

panel fis from REFS. 75167,
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strategies for polycrystalline perovskite thin films and
their LED applications.

In situ polycrystalline perovskite size control. The nucle-
ation and crystal growth mechanism of MHPs in solu-
tion can be explained by the LaMer model (FIC. 4b). The
nucleation rate is mostly determined during the nuclea-
tion stage, and its control is crucial to determine the size
of the final grains and its distribution'*. At this stage,
nucleation occurs only when an activation energy
barrier is overcome, so the nucleation rate follows the
classical nucleation theory given as %[ =Aexp(- kT“)
where N is the number of nuclei, A is a constant, AG_ is
the critical Gibbs free energy, k is the Boltzmann con-
stant, and T is temperature®. Therefore, the nucleation
rate is also determined by the precursor molecule’s inter-
molecular interactions and by the crystal structure of
the MHP26,1'18,| '1‘)'

The use of a volatile anti-solvent during the spin
casting of the precursor solution (nanocrystal pinning
process) induces a high nucleation rate and the forma-
tion of a large number of nuclei, yielding polycrystalline
perovskite thin films with small grain sizes, and thereby
increasing the PL yield in thin films and the EQE in
LEDs" (FIC. 4¢). Spatial and dielectric confinement meth-
ods in small-sized nanograins have been used to achieve
charge-carrier confinement in MHPs for PeLEDs. Spatial
and dielectric confinement through an additive-based
nanocrystal pinning process can be achieved in small
crystals by in situ tuning of the nucleation rate and
crystal growth rate during solution processing, form-
ing nanograins surrounded by organic additives with a
low dielectric constant'>'*’. The light-emitter material’s
binding energy is closely correlated to the PL and EL
quantum yield. The binding energy of MHPs increases
as the crystal size is reduced, using in situ strategies to
control crystal growth® > (FIG. 4d).

The inclusion of an organic semiconductor addi-
tive in the anti-solvent further reduces the grain size
(50-150nm) of perovskite crystals owing to increased
spatial hindrance, and facilitates charge injection into the
MHP"*'*, The addition of long alkyl-group ammonium
halide (n-butylammonium halides) to the precursor
solution induces the formation of nanometre-sized lay-
ered perovskite grains (about 10 nm) by suppressing 3D
perovskite growth, and increases the EQE in PeLED"*.
Organic amino acid additives in the precursor solution
control crystal growth to form sub-micrometre-sized
faceted perovskite platelets (100-500 nm) with increased
radiative recombination and improved light outcoupling
due to the concave-convex structured emitting layer,
resulting in a high EQE of 20.7%™.

Mixed-dimensional perovskites. Dimensionality control
has been widely used to form 2D layered perovskites (in
the Ruddlesden-Popper or Dion-Jacopson phase) and
mixed-dimensional phases in perovskite polycrystalline
films by incorporating bulky or long-chain organic cati-
ons in the 3D perovskite. Mixed-dimensional quasi-2D
perovskites generally have the formula A", A, B X, .,
where A’ is a bulky or long-chain organic cation, and
n is the number of layers of octahedra in the quasi-2D
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phase (FIG. 4¢). Depending on the structure of large
organic cation molecules such as phenylethylammo-
nium halide?®'*'*, 1-naphthylmethyl-amine halide'**-'¢'
or on the relative composition of large organic cations
to the perovskite precursors, the number of layers and
the crystal structure can be widely tuned in thin films.
A small value of n increases the exciton binding energy
and the bandgap of the perovskite thin film owing to
quantum confinement'® (FIC. 41).

In a quantum-confined low-n quasi-2D perovskite
phase, the radiative process is caused by excitonic
recombination, and the photon energy can be effec-
tively transferred from low-n to larger-» phases, fill-
ing traps and thus achieving a high quantum yield**'®.
The controlled synthesis of structures that work like
multiple quantum wells and that are composed of
multidimensional phases (layered phases with differ-
ent number of layers and bandgap) can strengthen the
quantum confinement and increase the effective energy
transfer rate'*>'®”. The combination of a wide-bandgap
polymer (poly(2-hydroxyethyl methacrylate, band-
gap 4.96eV) and a quasi-2D-3D mixed-dimensional
perovskite showed fast energy transfer to 3D domains
within 1 ps, resulting in a high PeLED EQE of 20.1%>.
Phase distribution in the quasi-2D perovskite film
is also critically important'**. The incorporation of
a short-chain a-amino acid (L-norvaline) provided a
new crystallization pathway with a lower activation
energy, and resulted in an improved energy transfer
rate between quasi-2D phases and suppressed phase
segregation'®.,

In situ perovskite nanocrystal growth incorporating
a large amount of bulky or long-chain organic ligands
provides a convenient way to achieve highly efficient
blue-emitting perovskite polycrystalline thin films.
The organic ligands and anti-solvent treatment accel-
erate in situ ligand-assisted precipitation, leading to the
formation of nanosized crystals in the thin films'®>'%.
Quantum-confined nanocrystals formed in situ (aver-
age size 5.8nm) embedded in a quasi-2D layered per-
ovskite matrix were used to demonstrate efficient blue
PeLEDs (EQE 9.5%, peak wavelength 483 nm); they were
obtained by using a large amount of phenylbutylammo-
nium bromide (PBABr) (PBABr:ABr:PbBr,=1.1:1:1)
and an anti-solvent (ethyl acetate)'®.

The in situ fabrication of nanocrystal films is a
promising way of achieving high efficiency and lumi-
nance simultaneously, because nanocrystal films have
both efficient quantum confinement and good charge
transport compared to PeNCs.

Defect management of perovskite emitters

Deep traps (mid-gap states) formation causes charge
trapping and provides a non-radiative recombina-
tion pathway (luminescence loss), which significantly
decreases the luminescent yield and causes material
degradation®*'*. In MHPs, the dominant point defects
form shallow traps that do not contribute much to
non-radiative recombination'. However, because of
the ionic nature of charged defects, they migrate under
electric fields'”” and can accumulate locally'® or induce

phase segregation'®.
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Defects in MHPs can be sorted into three kinds: bulk,
surface and interface defects (FIC. 52). Bulk defects are
crystalline defects within the PeNCs or polycrystalline
MHPs, and are closely related to the structural stability
of crystals. Surface defects are mainly caused by missing
atoms or ligands on the surface of PeNCs, at grain bound-
aries or at the film surface. These defects can be mitigated
by ligand engineering or by adding defect-passivating
molecules. Interfacial defects occur at the MHP/charge
transport layer interface. They cause non-radiative
recombination at defective interfaces in devices.

Bulk defects and compositional engineering. The struc-
tural stability of MHPs can be predicted using the Gold-
schmidt tolerance factor (¢=(ry+ry)/\[2(rg+1%) )s
where r,, r, and ry are the ionic radii of the monovalent
and divalent cations and of the halide anion, respec-
tively'”. A value of t between 0.8 and 1 generally results
in stable perovskites in the cubic or orthorhombic struc-
ture. Perovskites with 0.9 <¢<1 generally have an ideal
cubic structure, whereas t> 1 means that the A-site is too
large, and £< 0.8 that it is too small, to form stable MHPs.
The value of ¢ calculated from the effective ionic radius
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:zﬁ-.' & 50
“Il iihgd

TS

. A-cation . Pb @ Halide

Perovsklte emitter

Octahedra tilting
Extra space

N\

c d
-10 -2.0
® O donor molecules m O and N donor molecules
_9 L
i~ < -18 o
T 8 - 2 ALK
- - LR | >
> 0NN
& 7 Q" & 16 i
9]
2 of o0 :
2 st " @ 14 Sy
ko] 9 =l YU ] /
c 4 m i K= AN HN SN
s 4 %‘@ & 4, o O)\,;‘I ?
31 ] -
-2 . . . 1.0
O @) & N & @ @
L N o(}‘ P 5
® N N

Fig. 5 | Defect management strategies in perovskites. a | Schematic
showing bulk (an A-cation vacancy as an example), surface and interface
defects in metal halide perovskites. b | Schematic illustration of the crystal
structure and its distortion in perovskites. If the A-site cation is smaller than
the space between adjacent [PbX ]* octahedra, octahedron tilting occurs
to fill the extra space in the A-site, which could be the reason for phase
instability. Larger A-site cation (such as FA*) or smaller B-site cation doping
can stabilize the perovskite crystal structure. ¢ | Binding energies of
tribenzylphosphine oxide (TBPO) and triphenylphosphine oxide (TPPO) on
a Pb-I plane perpendicular to the [001] direction, which is the exposed
surface of the perovskite crystal. d | Binding energies of theophylline,
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of Cs* (181 pm), MA* (270 pm) and FA* (279 pm)'"!,
Cs*-based MHP (t=~0.8) show an orthorhombic struc-
ture caused by octahedral tilting to fill extra space at the
A-site (FIC. 5b). In the case of CsPbl,, the non-emissive
orthorhombic §,-CsPbl, phase is energetically more
favourable than the emissive cubic a-CsPbl, phase at
room temperature'’>'”*. FA* perovskites (t>1) have an
oversized A-site cation, so the emissive cubic a-FAPbI,
transforms into the non-emissive §,-FAPbI, hexagonal
phase'”*!”® (FIC. 5b). To stabilize the crystal structure of
emissive CsPbl, and FAPDI,, the mixed A-site cation
of (FA/Cs)PbI, was introduced to tune ¢ to 1'7*. An entropic
stabilization effect due to the mixed composition stabi-
lizes the emissive phase by increasing the free energy of
the 8-phase'”*'”. For B-site cations, doping with a small
divalent metal halide (MX,) can improve structural sta-
bility by inducing lattice contraction. This alleviation of
the distortion of the octahedron yielded stable a-phase
CsPbI, %1919 (FIG. 5p).

Smaller B-site doping was used to obtain highly effi-
cient and thermally stable CsPbCl, and CsPb(Br/Cl),
by increasing the short-range order and reduc-
ing halide vacancies'””'"". Doping with the trivalent
metal halide CeBr, has been investigated, with the
goal of improving optical properties, and was found
not only to enhance the lattice order by filling the
Pb?* and Br~ vacancies, but also to provide additional
energy states near the conduction band, which can
facilitate radiative recombination'’*'”’. Y** is another
trivalent dopant, which can be introduced with a gra-
dient concentrated near the surface. The 4d level of
Y** increases the bandgap of the perovskite, acting as
an energy barrier to confine excitons inside grains'’®.
Metal halides (such as ZnBr, in CsPbBr, (REF.”) and
KX in CsPbX, (REFS.'">'")) also mainly locate at
the surface'®. These metal ions can partially replace the
organic ligands, leading to the enhancement of car-
rier injection and transport efficiency’'*’. Meanwhile,
a surface enriched with K* has been proved to increase
the binding energy of Br~ and thus to inhibit ion
migration'”.

Surface defect passivation. The most common imperfec-
tions at grain boundaries or at the surface of perovskites
are categorized in FIC. 5a. Intrinsic point defects such
as halide or A-site cation vacancies in the bulk form
shallow traps, but undercoordinated halide or metal
ions on the surface can form deep traps'™. Defects in
MHPs are charged owing to their ionic nature, but can
be neutralized by coordinate bonding or ionic bonding,
unlike in covalently bonded inorganic semiconductors.
Coordinate bonding is enabled by Lewis acid-base
adduct chemistry'**'*. Lone-pair electrons in an atom
have been widely used to passivate charged defects in
perovskite optoelectronic devices. The donor atoms
in the molecules are mainly nitrogen (for example, in
pyridine'®" and hexamethylenediamine, 2,2’-(ethyl-
enedioxy)diethylamine'®?), oxygen (for example, in
triphenylphosphine oxide (TPPO)'¥, trifluoroacetate®,
5-ammonium valeric acid* and 4-(2-aminoethyl)ben-
zoic acid'®*) and sulfur (for example, in thiourea'®> and
thiophene'®").

REVIEWS

Phosphine oxides can passivate a reduced-
dimensional perovskite edge, and the P=O:Pb bond has
higher binding energy (1.1eV) than the S=O:Pb bond
(0.8eV)'*. A low-dimensional perovskite with edges
passivated using TPPO showed a high PLQY of around
97%'%. The binding energies of tribenzylphosphine
oxide (TBPO) and TPPO were compared on perovskite
surfaces; their intermolecular interaction can affect the
binding energy and the stability of passivation'* (FIC. 5¢).
TBPO shows higher binding energy than TPPO on the
perovskite surface, and the intermolecular 7 — 7 conju-
gation of TBPO molecules increases the binding energy
of TBPO dimers (-8.2¢eV) on the perovskite surface
compared with TPPO double molecules (-5.4eV) owing
to the strengthened interaction of delocalized electrons
on the aromatic conjugation with binding sites on the
perovskite'.

Defect passivation agents with the optimal molecular
configuration of oxygen donor (C=0) that include N-H
show good binding energy (theophylline has -1.7 eV,
caffeine has —1.3 eV and theobromine has —-1.1eV). All
three include a xanthine core, a carbonyl group C=0:
and N-H; hydrogen bonding between N-H in the imi-
dazole ring and the halide of PbX >~ promotes binding of
C=0: with a Pb-antisite defect'®” (FIC. 5d). The presence
of an additional methyl group on nitrogen (in caffeine
and theobromine) weakens hydrogen bonding and
reduces the passivation effect'™”. The hydrogen bonding
strength in nitrogen-donor molecules affects defect pas-
sivation (FIG. 5e). Two similar amino-functionalized
passivation agents (hexamethylenediamine (HMDA)
and 2,2’'-(ethylenedioxy)diethylamine (EDEA)) were
studied; the only difference is that EDEA has addi-
tional oxygen atoms in its carbon chain'® (FIG. Se). The
introduction of oxygen in the amino-functionalized
molecule weakens hydrogen bonding between organic
cations, so EDEA has a larger binding energy (-1.65eV)
with a defect-bearing perovskite surface than HMDA
(-1.21eV) despite both molecules being able to passivate
the halide vacancy by coordination bonding between Pb
and N (REF'®). Another type of amino-functionalized
passivation molecule with weakened hydrogen bond-
ing (2,2’-[oxybis(ethylenoxy)]diethylamine) yielded
PeLEDs with a high EQE of 21.6%'*.

Sulfur-bearing donor molecules including thiourea
(TU), thioacetamide (TAA), thiosemicarbazide (TSC)
and nitrogen-bearing donors (guanidine, GU) were
compared on CsSnl, (FIC. 5f). TSC showed the highest
binding energy (-0.70 eV with Sn* at the CsSnl, sur-
face), and strong electrostatic attraction of the S=C-N
functional group with Sn?* (TU has -0.45, TAA has
-0.52 and GU has -0.40eV), correlated with a higher
dipole-ion interaction (Lewis acid-base) of C=S:Sn*".
TSC was more efficient at passivating defects than
TU, TAA and GU'®, All the surface-defect passivat-
ing molecules shown in FIG. 5c-f are summarized in
Supplementary Table 1.

The interface between MHPs and charge-transport
layers hosts interfacial defects in PeLEDs. Conventional
acidic hole-injection layers made of PEDOT:PSS can etch
the electrode and induce diffusion of metallic species
to the interface, quenching the luminescence of MHPs.
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The neutralization of the acidity of PEDOT:PSS'¥,
through a modification of the layer to obtain a perfluor-
inated ionomer (PFI)-enriched surface'****! or a higher
concentration of PSS on the surface'” or the inclusion
of a LiF interlayer on top of PEDOT:PSS'”, effectively
prevents exciton quenching. Additional poly(triar-
ylamine) hole-transport interlayers are widely used on
the PEDOT:PSS layer to reduce nonradiative losses'*.
However, defects can be easily generated at the top
or bottom of the MHP layer during the deposition of
these interlayers. Therefore, additional defect-passivating
interlayers are required. Lewis base products (such as
1,3,5-tris(2- N-phenylbenzimidazolyl) benzene'"”,
ethylenediamine'* and octylamine'®) can be overcoated
on the MHP layer to obtain high luminous efficiency.
Moreover, a 1,3,5-tris(bromomethyl) benzene interlayer
introduced under the MHP prevented nonradiative
recombination and improved hole injection, resulting in
a high EQE of 16.3% in large-area PeLEDs®. Passivation
of both sides of the MHP through the use of dual inter-
layers of oxide-4-(triphenylsilyl)phenyl (TSPOL1) at the
top and bottom of PeNCs yielded an EQE of 18.7%""".

Several passivation strategies have been used in
PeLEDs. Guanidinium (GA*; (NH,),C*) was doped
into FAPbBr, PeNCs. The strong configurational
entropic energy stabilizes the crystal structure®'””, and
GA* doping decreases the size of the PeNC, increasing
charge confinement. GA* located on the nanocrystal
surface stabilizes PeNCs by coordinating with surface
bromide with increased hydrogen bonding. Coating
1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene (TBTB)
on PeNC films provides excess Br~ ions through debro-
mination and hydrogenation processes; these ions pas-
sivate the interfacial defects between PeNCs and the
electron-transport layer. Thanks to these defect engi-
neering strategies, PeLEDs with EQEs of 23.4% were
achieved®.

To fabricate PeLEDs with high efficiency and
long-term stability, a comprehensive strategy to man-
age charged defects is required. All kinds of charged
defects must be sufficiently passivated during synthesis
or crystal growth or neutralized after crystal formation.
Additionally, the development of non-destructive in situ
techniques to quantify the number of traps and charac-
terize the defect types in MHPs will accelerate the use of
MHPs in practical applications.

Perovskite light-emitting diodes

EL-type displays and lighting applications require
LEDs that have high efficiency and long lifetime. In our
roadmap (FIC. 2b), engineering the charge-transporting
interfaces and increasing the outcoupling efficiency
(n,,0) are important technical tasks for EL-type appli-
cations. The interface between charge-injection and
charge-transport layers affects the efficiency and stabil-
ity of LEDs. Also, light extraction from PeLEDs must
be considered, given the different optical properties of
MHPs with respect to those of conventional OLEDs.
Additionally, white or special lighting devices that exploit
the easy colour tuneability of MHPs should be developed
with high efficiency and stability for greenhouses and for
human-centric lighting applications.

This section reviews important technical challenges
and developments in PeLED engineering, including
charge injecting and transporting interfaces, the out-
coupling efficiency of LEDs, and operational and colour
stability of PeLEDs (Supplementary information).

Interfaces between the change-injecting and charge-
transporting layer and outcoupling efficiency. The EQE
of LEDs is the ratio of the number of photons emitted
from a device to the number of electrons injected into
it, and EQE=®xn_ xy, where @ is the quantum
efficiency of luminescence and y is a charge-balance
factor'”®. Taking the charge balance into account,
the interfaces between charge-injecting and charge-
transporting layers are crucial to determine the EQE.
Also, the charge-injection efficiency of LEDs with an
emissive layer that has a deep-lying VBM like MHPs and
inorganic QDs strongly depends on the energy barrier
for hole injection, thus using a hole-injection layer with a
high work function is important to minimize the energy
barrier and facilitate hole injection”.

MHPs have low binding energy and long diffusion
length, so the charge carriers and excitons in the emis-
sive layer can diffuse onto the interfaces between the
charge-injection and charge-transport layers and eas-
ily dissociate, which compromises the luminescence”.
Therefore, the ability of the charge injection or trans-
port layer to block charge carriers or excitons is more
important than in OLEDs. Also, the charge-transport
layer below the perovskite emissive layer should provide
a good crystallization template to reduce the interfacial
defects and ensure high crystal quality of the MHP.

MHPs have deeper VBM than organic host mate-
rials in the emissive layer (for example, the VBM of
MAPDBr, is 5.8eV)¥, and so ways to align the energy
levels to reduce the charge-injection energy barrier have
been sought. To reduce the energy barrier at the inter-
face between the hole-injection layer and the emissive
layer, self-organized polymeric hole-injection layers have
been used; they include PFI, which has a low surface
energy into PEDOT:PSS. The polymers self-organize to
form a gradually increasing ionization potential, and the
surface ionization potential reaches 5.9 ¢V, so the energy
barrier at the hole-injecting interface is minimized, and
hole injection into the emissive layer is efficient”>*. The
surface of the hole-injection layer enriched with PFI
effectively blocks electrons and exciton quenching at
the interface”*"""!,

The interface between the charge-transport layer
and the emissive layer can also affect the crystallization
of MHPs. A basic ZnO electron-transport layer depro-
tonates the organic cations and provides additional
energy to remove them from the interface. The result
is a decrease in the activation energy for the phase tran-
sition from the intermediate phase to perovskite crys-
tals, compared to other metal oxide electron-transport
layers (such as TiO, and SnO). As a result, highly effi-
cient PeLEDs with an EQE of 19.6% were achieved
using an ZnO/polyethylenimine ethoxylated (PEIE)
electron-transport layer'”.

One critical factor determining the EQE of LEDs is
the outcoupling efficiency from the device to the outside.
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The classical ray optics model, which predicts that
o= 1/21% where n is the refractive index, limits the
outcoupling efficiency of PeLEDs with a MHP emis-
sive layer (refractive index of 2.2) to about 20%°*. The
major loss path is a waveguide mode caused by the mis-
match between the refractive index of the perovskite
(about 2.2) and that of other layers (for example, glass,
with #n=1.45). However, the outcoupling efficiency of
PeNCs that have lower refractive index than polycrys-
talline emissive layers was simulated to be as high as
30.2% in PeLEDs with the following structure: glass/ITO
(70nm)/hole-injection layer (45nm)/PeNC emissive
layer (n: 1.7, 50 nm)/interlayer (5nm)/ETL (50 nm)/Al
(100 nm)°. The optimal outcoupling efficiency calcu-
lated was 31.3% in polycrystalline MAPbBr, (n=2.2,
wavelength =530 nm, FWHM =25nm) in a device with
structure glass/ITO (A/4)/HTL(A/4)/emissive layer
(about 0nm)/electron-transport layer (A/4)/Al (REF*"").
Also, photon recycling strongly increases the outcou-
pling efficiency and therefore has the potential to sub-
stantially increase light extraction in PeLEDs to a value
much greater than the theoretical classical ray-optics
limit*. The relatively small Stokes shift of MHPs enables
the reabsorption of emitted photons that are trapped and
waveguided in the substrate, and randomization of the
photons’ directions by photon recycling can increase
the outcoupling efficiency potentially up to 100%".

Operational stability of PeLEDs. The instability of MHPs
and the operational instability of PeLEDs are impedi-
ments to commercialization. Ambient conditions and
photo-exposure readily degrade MHPs'*; both processes
are accelerated at high temperature'*. The thermody-
namic phase instability of MHPs enables the phase tran-
sition of the perovskite to a photo-inactive phase, leading
to degradation of materials and devices'”. PeNCs can
also degrade through the detachment of surface ligands,
followed by crystal agglomeration'**.

One of the main causes of operational degradation
of PeLEDs is ion migration under an electric field;
this process generates defects and destroys the crys-
tal structure’”. This problem is particularly severe in
PeLEDs, because LEDs need a higher electric field for
operation compared with solar cells. Ionic motion in
MHPs is highly sensitive to temperature, so Joule heating
within PeLEDs can accelerate device degradation®***
(Supplementary information). Furthermore, ion migra-
tion can cause charge accumulation and electrochemical
reactions between migrated ions and charge-transporting
materials or electrodes*”.

Compositional engineering can help to stabilize the
crystal and reduce the number of defects. The incorpo-
ration of binary alkali cations (Cs* and Rb* in FAPDIL,)
stabilizes the perovskite as a result of the different
location of Cs* and Rb* ions which are incorporated
in the lattice and at grain boundaries, respectively; the
increased Coulombic interactions between cations and
octahedral frameworks reduces ion migration®. As a
result, PeLEDs using binary cations have an increased
T, of around 60 hours at 10mA cm2 (REF>").

Defect passivation and surface treatment of MHPs
reduce the number of surface defects and can contribute

REVIEWS

to blocking ion migration in PeLEDs. The chemical
structure of defect-passivation molecules has a strong
influence on the operational stability of PeLEDs. When
dicarboxlic acids are incorporated as an additive in a
MHP emissive layer on a ZnO electron-transport layer
in PeLEDs, an amidation process catalysed by the
underlying ZnO eliminates the active organic ingre-
dients in the emissive layer. This process stabilizes the
interfacial contact at the emissive layer/ZnO interface,
substantially increasing the T, to about 682 hours at
20 mA cm™ (REF>").

Stable -CsPbl, nanocrystals have been synthesized
using poly(maleicanhydride-alt-1-octadecene) (PMA)
and used for PeLEDs’. The chemical interaction of
PMA with PbI, regulated the kinetics of crystallization
of 5-CsPbl,, and Pb-O bonding reduced the forma-
tion of deep-trap Pb anti-site defects. The improved
crystal quality of PeNCs extended the T, of PeLEDs to
317 hours at 30 mA cm™ (REF?).

Dimensional tailoring of MHPs is an effective
method of improving the operational stability of
PeLEDs. Reduced-dimensional perovskites that include
large organic cations have higher formation energy
and are more stable against degradation under ambi-
ent and operational conditions compared to their
3D counterparts'®. A vertically aligned phase-pure 2D
perovskite film deposited using hot casting increased
the T, of PeLEDs to more than 14 hours at 2V, with an
initial radiance of 6 W sr''m2 (REF>%).

Mixed 2D-3D perovskites can also result in PeLEDs
with improved stability"**'**. The incorporation of neu-
tral benzylamine in 3D perovskites causes the formation
of 2D-3D hybrid films in the form of a 3D-core/2D-shell
structure via proton transfer, which reduces the num-
ber of traps and ion migration in the perovskite film”.
The 2D-3D hybrid PeLEDs had a reduced initial lumi-
nance overshoot and an extended operational lifetime
of T,,=810minutes, which is more than 21 times
longer than for their conventional 3D counterparts
(T,,=38minutes at 100 cdm2)"*.

The salt-type additive phenethylammonium iodide
(PEALI) is also effective to induce the formation of
2D-3D core-shell perovskite nanostructures, thus
increasing the device lifetime. The addition of a small
fraction of 2D perovskite into the 3D perovskite sup-
pressed d-phase formation, reduced defect density, and
led to the formation of a surface-2D/bulk-3D nanostruc-
ture in the preferred orientation of FAPbI, (REFS.">%).
This core-shell 2D-3D MHP had an activation energy
more than six times higher for ion migration, and
showed an increase in T, of more than 1,000 times
(202.7 hours under constant voltage to emit an initial
radiance of 10 W sr™' m) compared to conventional 3D
or quasi-2D MHPs'”.

To achieve high-stability PeLEDs, strategies must be
developed to increase the MHPs intrinsic stability, in
terms of structural and phase stability, and their extrinsic
stability against atmospheric conditions, light, heat and
electric fields. Methods to increase the intrinsic stability
include A-site cation engineering to increase the struc-
tural stability of 3D MHPs**, the use of large organic

cations to increase the formation energy of 2D MHPs**,
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and the use of mixed-dimensional MHPs"*'*. Methods
of increasing the extrinsic stability of MHPs include
reducing the number of defects within the crystal and at
the film surface and interface in LEDs during the crystal
growth step, and defect passivation to increase resistance
to degradation by atmospheric species'**. In particular,
as ion migration is a critical weak point for LED opera-
tion, the use of a core—shell-type emitter is an effective
strategy for both PeNCs and polycrystalline MHPs to
reduce ion migration and extend the operational lifetime
of PeLEDs"**'*,

Conclusion and outlook

We have discussed the technical challenges and the
roadmap for commercialization of MHP emitters in
the display and lighting industries, and summarized
important technical strategies in the development of
MHPs and PeLEDs. The technical roadmap (FIG. 2b)
forecasts a timeline of potential industrial applications of
MHPs, including as PL-type (colour conversion) displays,
EL-type (LED) displays, near-eye displays and general
and special lightings, and sets priorities for the relevant
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necessary technologies considering the current state
of the art, emphasizing challenges that remain in the
development of MHPs and PeLEDs.

Although great progress has been achieved in MHPs
and PeLEDs in a short time, several critical challenges
remain, such as widening the colour gamut of MHPs,
increasing their operational reliability, developing envi-
ronmentally benign MHPs, and improving large-area
production techniques®'’ (the technical challenges
related to environmentally benign perovskites and
large-scale production are discussed in more detail in the
Supplementary information). To conclude, we suggest
strategies to resolve the major challenges that currently
impede the use of MHPs and PeLEDs in applications
such as PL and EL displays and general and special
lighting (FIG. 6).

PL-type displays are the application that MHPs may
reach first. The high extinction coefficient of MHPs
makes them promising materials for colour-conversion
layers for near-eye displays for AR and VR applications.
To exploit the wide colour gamut of MHPs, the first task
is to demonstrate high colour reproducibility with each
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Fig. 6| Problems and solutions for perovskite light emitter applications. Challenges for the application of perovskite
materials and perovskite light-emitting diodes (LEDs), their potential solutions and the most promising future applica-
tions of perovskite light emitters. AR, augmented reality; CTL, charge-transport layer; EL, electroluminescence; PL, photo-
luminescence; VR, virtual reality. The picture of the green LED with degraded film is adapted with permission from REF.?*°.
Copyright 2019 American Chemical Society. The picture of the bright green LED is adapted from REF.**!, Springer Nature
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Images/Getty Images.
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colour-emitting MHP for both PL and EL displays. This
outcome could be achieved using new large-scale syn-
thesis processes and materials modification strategies to
achieve the desired wavelengths and FWHM. To achieve
spectral stability and high colour purity, the issue of
halide segregation in mixed-halide MHP emitters must
be solved®' "%,

Surface ligands and defect-passivating molecules on
PeNCs and polycrystalline films will be important for
defect passivation and to improve the electrical prop-
erties of MHPs, which directly translates into improved
luminescence efficiency, storage lifetime of materi-
als, operational lifetime of devices and processability.
Therefore, achieving effective ligand and surface engi-
neering will be a key step to overcome current technical
limitations and to achieve high efficiency and long-term
stability for both PL and EL applications. Recently,
defect passivation using chelating agents for Pb**
yielded PeLEDs with remarkable efficiency (ETPTA*",
with EQE of 22.49%, and reduced L-glutathione and
EDTA?", with EQE of 20.3%), respectively. These results
suggest that new chelating materials that can effectively
coordinate to Pb?* will improve the characteristics
of MHPs.

Currently, the biggest obstacle to commercializa-
tion of PeLEDs is the chemical instability of MHPs and
of the devices that use them. Core-shell structuring of
the emitter substantially reduces the number of sur-
face traps, and increases both efficiency and stability.
Therefore, the formation of films with core-shell-type
grains or post-synthesis shelling of PeNCs may be an
essential technology to increase the environmental
stability and suppress ion migration in MHP emitters,
thereby achieving high colour purity, high efficiency and
long-term stability.

In LED devices, interfaces are important for high
efficiency and stability. Charge injection and transport
directly influence charge balance, and hence device effi-
ciency and lifetime. In particular, MHPs have relatively
low binding energy and long diffusion length compared
to organic emitters in OLEDs, so the interface at MHP/
charge-transport layers must be developed in a way that
emphasizes blocking unwanted loss of charge carriers
and excitons. Also, the surface of the MHP and interfa-
cial layers should be modified to minimize the number
of interfacial traps and non-radiative recombination
paths.

Increasing the outcoupling efficiency of PeLEDs is an
important strategy to improve device efficiency. Further
study of the photon recycling effect in light extraction
of PeLEDs may lead to its exploitation, potentially
achieving outcoupling close to 100%.
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Another advantage of MHPs is that they can be pro-
cessed in vacuum, which is not the case for inorganic
QDs. The path of development and commercializa-
tion of OLEDs in the display and lighting industries
suggests that vacuum deposition is the most effective
route to achieving reliable perovskite device operation.
Most of the existing OLED production processes can
be borrowed for MHPs, which means that the indus-
trial transition from OLEDs to PeLEDs will be easier
than that from LCDs to OLEDs. Therefore, research on
vacuum-processed perovskite light emitters may be an
important step towards commercialization.

The relatively soft nature of MHPs compared to
other inorganic materials may lead to the development
of flexible and stretchable LEDs, which will enable
next-generation wearable high-colour-purity displays
or special lighting. The development of flexible or
stretchable PeLEDs will require appropriate engineering
towards mechanically stable MHP films, along with the
development of flexible and stretchable electrodes®';
the combination of PeNCs with polymer matrices is a
useful option.

Uniform and reliable high-resolution patterning of
MHPs is required for PL and EL displays, as well as for
near-eye displays. Although fine metal masks are widely
used for patterning during vacuum deposition, photoli-
thography can be used for solution-state materials; this
method entails harsh conditions including ultraviolet
exposure, O, plasma etching and polar solvents. Inkjet
printing is another option for patterning, but it still has
technical challenges regarding the nozzle design and
the modulation of the ink’s physical properties* .
Therefore, a range of printing methods such as
solution-free transfer printing®'%, electrohydrodynamic
printing’"” and non-destructive lithography’>*****! must
be developed.

To follow the technical roadmap presented in this
Review for the next 10 years, and to realize the commer-
cialization of MHPs in the near future, further studies
must be conducted to understand each process from the
materials, device and processing points of view. MHP
emitters have been developed much faster than have
organic and QD emitters. Their potential applications
are very broad, including new applications in VR and
AR displays, biomedical displays, general and special
lighting for smart farms as well as the more conven-
tional applications in flat-panel displays, flexible displays
and lighting. The current intense focus on MHPs and
PeLEDs in academia and industry might even accelerate
the progress anticipated in the roadmap.
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