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Twenty years after layer-type metal halide perovskites were successfully developed, 3D metal halide
perovskites (shortly, perovskites) were recently rediscovered and are attracting multidisciplinary interest
from physicists, chemists, and material engineers. Perovskites have a crystal structure composed of five
atoms per unit cell (ABX3) with cation A positioned at a corner, metal cation B at the center, and halide
anion X at the center of six planes and unique optoelectronic properties determined by the crystal
structure. Because of very narrow spectra (full width at half-maximum <20 nm), which are insensitive to
the crystallite/grain/particle dimension and wide wavelength range (400 nm < A < 780 nm), perovskites are
expected to be promising high-color purity light emitters that overcome inherent problems of conventional
organic and inorganic quantum dot emitters. Within the last 2 y, perovskites have already demonstrated
their great potential in light-emitting diodes by showing high electroluminescence efficiency comparable to
those of organic and quantum dot light-emitting diodes. This article reviews the progress of perovskite
emitters in two directions of bulk perovskite polycrystalline films and perovskite nanoparticles, describes
current challenges, and suggests future research directions for researchers to encourage them to collabo-

rate and to make a synergetic effect in this rapidly emerging multidisciplinary field.
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As human civilization went through the information
revolution, display technology has been designated as a
core technology to increase convenience in daily human
life. In an information society, the desire of humans to see
the materials more vividly in displays has significantly
increased. In this aspect, major trend of the display
technology is changing from high resolution and high
efficiency to high color purity for realizing vivid natural
colors (Fig. 1). Therefore, research on new emitting mate-
rials that can emit light with narrow full width at half-
maximum (FWHM) have been attempted. Inorganic
quantum dot (QD) emitters with narrow spectra (FWHM
~30 nm) have been significantly studied following organic
emitters (FWHM >40 nm); however, size-sensitive color
purity, difficult size uniformity control, and expensive ma-
terial costs of inorganic QD emitters retard the progress
for wide use in industry. Therefore, new emitters with
size-insensitively high color purity (FWHM <20 nm)
and low material cost should be developed. Among
many candidates, metal halide perovskites (hereafter,
"perovskites”) have gained great attentions and shown
the possibility for future high-color purity emitters.

The first perovskites were layer-type thin films (A;MX,)
(A = organic cation; M = divalent metal; X = Cl, Br, I) (1-6).

They were expected to be novel hybrid materials that
had both advantages of organic materials (e.g., solu-
tion processability and low material costs) and inor-
ganic materials (e.g., high charge carrier mobility) (7).
Especially, perovskites with high color purity, easy
wavelength tuning, and efficient charge injection/
transport property have been intensively studied as
promising candidates for future light emitters (8-10).
Furthermore, stable and environmentally benign perov-
skites, which were recently reported, further raise the
possibility of perovskites as future emitters in display
technology (11-19).

However, early works on layer-type (i.e., 2D) perovskite
emitters, in the 1990s, did not gain much attention (1-5).
The layer-type perovskite emitters incorporating long-
chain organic ammoniums can generate stable excitons
at low temperature, but the photoluminescence (PL) in-
tensity dramatically decreased as temperature increased,
so the perovskite light-emitting diodes (PeLEDs) exhibited
electroluminescence (EL) only at low temperature
(<110 K) (1-5). The PeLEDs that exhibited EL at room
temperature (RT) were first fabricated in 1999 using a layer-
type perovskite incorporating an organic dye molecule
(HoNCoHAC1HeS4~CoHANH,) and exhibited a maximum
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Fig. 1. Major trend of display technology. Data are taken from references as follows: OLEDs, refs. 30-41; QD LEDs, refs. 20-29; and PeLEDs, refs. 8-10.

external quantum efficiency (EQE,,,) of 0.11% (7). However, this emis-
sion originated not from the inorganic frameworks but from the or-
ganic dye ligands; thus, PeLEDs showed very low color purity
(FWHM > 100 nm) compared with inorganic QD LEDs (20-29),
and inferior EL efficiency compared with organic LEDs (OLEDs)
(30-41). As a result, the development of these perovskite emitters has
been retarded, whereas organic emitters and inorganic QD emitters
have been intensively studied for 27 y and 22 v, respectively (20-41).

In 2012, the first 3D perovskite emitters, CH3NH3PbBr; nano-
particles (NPs) in porous alumina (42), were reported, and the pos-
sibility of perovskites as emitters was rediscovered. As a result, since
2014, the research on 3D perovskite emitters has intensively grown
and focused on achieving high efficiency in PL and EL. Within the
last 2 y, more than 72 papers on perovskite emitters were published,
and EQE, .« of 8.53% and photoluminescence quantum efficiency
(PLQE) of more than 90% were reported (10, 43).

In this Perspective, we highlight the potential of perovskites as
promising emitters that can be mainstream in the research field of
displays and solid-state lightings. In addition, we present our
perspectives on the progress of perovskite emitters in two direc-
tions: bulk perovskite polycrystalline films (PePCs) and perovskite
nanoparticles (PeNPs). Finally, we suggest future research directions
of perovskite emitters that may engage a researcher’s attention in
this research field.

Fundamental Properties of Perovskite Emitters
Three-dimensional perovskites have an ABXj crystal structure com-
posed of five atoms per unit cell, with cation A positioned at a
corner, metal cation B at the center, and six nearest-neighbor anions
X with octahedral corner sharing at the center of six planes (Fig. 2A).
Generally, perovskites consist of organic ammonium (CHant"NH3™)
or organic amidinium [e.g., CH(NH,)*] or alkali metals such as Cs at
the A site, divalent transition metals (e.g., Pb?*, Eu®*, Sn?*, Cu*) at
the B site, and halide anions (I, Br~, CI7) at the X site.

Perovskite emitters show size-insensitively very narrow spectra
(FWHM ~20 nm) in wide wavelength range (400 nm < A < 780 nm)
according to their inherent crystal structure (Fig. 2B). Therefore,
they can have a very wide color gamut in Commission Inter-
nationale de I'Eclairage diagram. This highlights that perovskites
can be promising emitters especially in display fields. On the other
hand, organic emitters showed broad spectra (FWHM >40 nm)
in large dimension (>10 nm) and inorganic QD emitters showed
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relatively narrow (FWHM ~30 nm) but size-sensitive spectra in lim-
ited dimension (<10 nm) (Fig. 2Q).

The polar lead-halide bonds in perovskite crystal induce the
Frohlich interaction between charge carriers and longitudinal
optical (LO) phonons, which results in LO phonon scattering and
electron—phonon coupling; these predominantly determine the
linewidth of emission spectrum (FWHM ~20 nm) (44). Further-
more, the traps and impurities in perovskites, which can arise from
the low crystallinity, do not make a significant effect on the FWHM
because trap-assisted recombination is mostly nonradiative decay
and impurity-contributed linewidth broadening is negligible, re-
spectively (44, 45). Thus, perovskites showed the size-insensitive
FWHM, which is only affected by the crystal structure rather than
quality and dimension of perovskite crystal.

In general, photoexcitation or charge carrier injection by external
field forms geminate electron—hole pairs, which can (i) be dissoci-
ated into free charge carriers or (i) form excitons (46, 47). The E,
reflecting the strength with which geminate electron—hole pairs are
bound and the excitation density affecting the frequency with which
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Fig. 2. (A) Schematic of crystal structure, (B) schematic of emission
of metal halide perovskites, and (C) FWHM and dimension of
perovskite, inorganic QD, and organic emitters.
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electrons and holes meet together determine the ratio of free car-
riers and excitons (nNi/Ne.n, Where ng. is the number of free carriers
and ne, is the number of geminate electron-hole pairs) (46). Many
researchers have claimed that perovskites have Wannier-type exci-
tons with low Ey (e.g., 76 or 150 meV for CH3NH3PbBr3) and high
dielectric constant (46—48). Thus, at RT, most of Wannier excitons
dissociate into free carriers (ni/ne.h ~ 1) because there is almost no
electron-hole wavefunction overlap and exciton—exciton interaction
(46). Charge trapping by trap states also induces the dissociation of
excitons into free carriers and the nonradiative recombination
pathways of free carriers and excitons, and thereby limits the
luminescence efficiency at low fluences (47).

However, high excitation density of >10%° cm™ increases the
number of charge carriers and wavefunction overlap of them in
perovskites, fills the trap states, and thus leads to favorable exciton
formation over dissociation into free carriers (ni/ne.n, << 1) (46, 47).
Decreasing temperature <190 K induces less trap states and thus
increases the proportion of excitons (46, 47). Confining perovskite
crystal size to <10 nm can also increase the electron-hole wave-
function overlap and form the excitons rather than free carriers;
colloidal PeNPs with small size of <10 nm showed the large electron—
hole wavefunction overlap, excitonic behavior, and thereby much
improved PLQE even at RT and low excitation fluences (43). These
methods, which increase the electron-hole wavefunction overlap and
fill the trap states, can improve the radiative recombination and in-
crease PLQE up to ~95% (46, 47).

3

Renaissance of Perovskite Emitters: Bulk Polycrystalline
Film Technology

Bright PeLEDs (>100 cd'm™?) based on PePCs at RT were first
reported by Friend and coworkers (8) in 2014. They fabricated
visible-light-emitting PeLEDs (>100 cd-m~2) using methyl-
ammonium (MA, CH3NH5™)-based perovskites (MAPbBr3) (EQEax =
0.1% and maximum luminance L.y = 364 cd:-m~2) and infrared-
light-emitting PeLEDs using MAPbI3 (EQE,,.x = 0.76% and
maximum radiance Rmax = 13.2 W-sr~-m~2). At the almost same
time, Lee and coworkers also fabricated bright visible PeLEDs
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(EQE max = 0.125% and Lyax = 417 cd:m~2) by using modified
interlayers (9). These works demonstrated that pure perovskites
can emit bright EL with very high color purity at RT. Many
subsequent studies used a variety of experimental approaches
to improve the luminescence efficiencies of PeLEDs (8-10,
49-66).

In 2015, Lee and coworkers first showed the possibility of high-
efficiency PeLEDs (EQE,.x = 8.53%) comparable to those of OLEDs
(10) (Fig. 3A and Table 1). These increases in EQE of PeLEDs re-
semble the dramatic increase in power conversion efficiency of pe-
rovskite solar cells and demonstrate the great potential of perovskite
emitters. To increase the efficiency of PeLEDs, the origins of low
device efficiency were identified and many solutions were developed
or suggested (8-10, 49-66). We categorize these approaches into (i)
use of interlayers and (ii) modification of perovskite layers.

Use of Interlayers to Improve Device Efficiency. Conventional
PeLEDs consist of anode, hole transport layer (HTL), perovskite
emission layer (EML), electron transport layer (ETL), and cathode
(Fig. 3B). One useful method to increase device efficiency is to use
a variety of interlayers (Fig. 3C). PeLEDs without interlayers
showed the severe exciton quenching, large charge injection
barrier, nonuniform perovskite film coverage, and thus very low EL
efficiencies (9, 52, 61). Use of appropriate interlayers between
electrodes and perovskite EMLs can facilitate charge injection by
reducing injection barriers (9, 49, 52, 55, 61). Furthermore, inter-
layers with modified surface energy or surface groups can con-
tribute to the formation of uniform perovskite layers, reduce the
leakage current, and improve the luminescence efficiencies of
PeLEDs (10, 55, 61).

Lee and coworkers (9) used perfluorinated ionomers (PFI) with
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) to reduce the hole injection barrier and exciton
quenching at the PEDOT:PSS/PePC interface. Mixing a PFl with
PEDOT:PSS resulted in the self-organization of PEDOT:PSS and
PFI during spin-coating; the result was a gradient depth profile of
PFI and gradient increase of work function from 5.2 eV (bottom)

B Perovskite

Fig. 3. (A) External quantum efficiency versus luminance characteristics of visible PeLEDs. Data are taken from refs. 8-10 and 49-64.
(B) Schematic of PeLED structure and operation and (C) energy level diagram of materials used for HTL, ETL, and perovskite.
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Table 1. Overview of reported results from PePC-based LEDs

Previous Publication Renax:

reports (ref.) year/month Emission layer FWHM, nm CEpmax, cd-A™" W-sr'-m™2 EQE . % Linax, cd-m™2

Tan et al. (8) 2014/08 MAPbBr; 20 (green) 0.3 13.2 0.1 (green) 0.76 (IR) 364
MAPbI3 35 (IR)

Kim et al. (9) 2014/11 MAPbBr3 ~20 0.577 n.r. 0.125 417

Hoye et al. (49) 2015/01  MAPbBr3 25 ~0.27 n.r. n.r. 550

Kumawat et al. (50) 2015/01  MAPbBr; (green) 30.9 (green) ~1.8 x 1072 (green) 5 x 107 ~65x%x1073 (green) 20 (green)
MAPbI; 19Brq 37Clg 44 (red) 40.6 (red)  ~2.8 x 107 (red) 0.28 (red) 0.26 (red)
MAPbI3_Cls (IR) 32.7 (IR) 0.18 (IR)

Li etal. (51) 2015/02  MAPbBr3 19 n.r. n.r. 1.2 ~2,500

Wang et al. (52) 2015/02 MAPbBr3 22 (green) n.r. 28 ~0.8 (green) ~20,000
MAPbI5_,Cl 37 (IR) 3.5(IR)

Sadhanala et al. (53) 2015/02 MAPblIs,Cl, ~41 n.r. n.r. 0.024 —_

Qin et al. (54) 2015/03 MAPbBr; 20 n.r. n.r. ~0.1 ~1,500

Yu et al. (55) 2015/05 MAPbBr3 41 0.22 n.r. 0.051 ~545

Kumawat et al. (56) 2015/06  MAPbBr; g4Cl1.14 (green) ~40 (green) ~9 X 1073 (green) n.r. ~3x 107 (blue) ~1.2 (green)
MAPbBr 0gCl1 .92 (blue) ~20 (blue)  ~3.5 x 107 (blue)

Yantara et al. (57) 2015/10  CsPbBr3 18 0.035 n.r. 0.008 407

Yu et al. (58) 2015/11 MAPbBr3 ~20 0.43 n.r. 0.1 3,490

Cho et al. (10) 2015/12  MAPbBr3 ~20 42.9 n.r. 8.53 16,936

Bade et al. (59) 2015/12 MAPbBr3 ~20 4.91 n.r. 1.1 21,014

Bi et al. (63) 2016/01  FAPbI3 n.r. n.r. n.r. ~0.5 n.r.

Shi et al. (60) 2016/03  MAPbBr3 30 0.12 n.r. 0.0645 196

Wang et al. (61) 2016/04 MAPbBr; ~25 n.r. n.r. 0.43 4,890

Byun et al. (65) 2016/06  (CyHsCoHaNH3MA_1PbBram ~20 4.9 n.r. n.r. 2935

Yuan et al. (66) 2016/06  (CeHsCoH4NH3),MA,,_1Pb, Bran1 ~50 n.r. 80 8.8 n.r.

m, 1-4, integer; n, integer; n.r., not reported.

to 5.95 eV (surface) (9). The rich PFl on the surface effectively
blocked exciton quenching at the interface between PEDOT:PSS:
PFl and MAPbBr3 (9). With these strategies, the current efficiency
CE of PeLEDs increased from 1.65 x 10~ t0 0.577 cd-A™", and the
luminance improved from 1.38 to 417 cd'm=2(9).

Also, electron injection barriers from cathodes to perovskite layers
must be overcome in inverted structure PeLEDs. Hoye et al. (49) used
spatial atmospheric atomic layer-deposited (SAALD) ZnO layers as
electron transport layers instead of previously reported polyfluorene
(8). The PeLEDs based on SAALD ZnO exhibited a very low turn-on
voltage Viumon =2V, and L. = 550 cdm™. Polyethyleneimine (PEI)
interlayers decreased the electron affinity of ZnO layers from 3.7 to
3.2 eV, and thereby made ohmic electron injection into perovskite
layers possible (52). Furthermore, the hydrophilic surface of PEl-treated
Zn0 layers improved the uniformity of perovskite layers. With these
modifications, MAPbBr3; PeLEDs exhibited very high L., of ~20,000
cdm™ and EQE.. of 0.8%, and MAPbl;,Cl, infrared PelLEDs
exhibited Rmax of ~28 W sr™'-m™ and EQE 4y of 3.5%, respectively
(52). These dramatically increased EQE,.x compared with previous
works (8, 9, 49, 50) are possibly due to the well-optimized film mor-
phology of perovskite layers and reduced charge injection barriers.

Modification of Perovskite Layers. Uniform morphology of pe-
rovskite layers can also be achieved by modifying the process by
which perovskite layers are formed. Spontaneous crystallization of
perovskites by spin-coating often causes nonuniform and discon-
tinuous film with scattered perovskite crystals (10). An effective
method to overcome this nonuniformity is to use nonpolar solvent
dripping (10, 67). By dripping nonpolar solvents (e.g., chloroform,
chlorobenzene, toluene) that do not dissolve perovskite precursors
onto the wet perovskite films during spin-coating, aprotic polar
solvents [e.g., dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), and y-butyrolactone] can be washed away and immediate
crystallization of perovskites occurs; the result s a uniform and dense

Kim et al.

film (10). In perovskite solar cells, the solvent dripping was designed
not for rapid pinning of crystal growth to achieve small grains but for
making uniform PePCs with large grain size to facilitate the diffusion
and dissociation of excitons; however, the process cannot be ap-
plied to PeLEDs because the grain size should be decreased to in-
crease the luminescence efficiencies of PePCs (10). Decreased grain
size and increased area of grain boundary can spatially confine
excitons or charge carriers and block their diffusion, and, as a con-
sequence, increase the radiative recombination. Therefore, it s
necessary to develop an optimal solvent-dripping process that can
fabricate PePCs with minimal grain size. Use of DMSO (which has a
higher boiling point of 189 °C than DMF, which has boiling point of
153 °C) as a solvent can delay spontaneous crystallization of pe-
rovskites and thereby facilitate the optimization of solvent-dripping
process (10). Also, the perovskite's crystallization behavior and the
final film morphology depend on the physical properties of dripping
solvents (68). Therefore, the choice of dripping solvents to fabricate
perovskite films most suitable for PeLEDs is an important task.
Dripping of chloroform, a highly volatile solvent (boiling point, 61.2 °C),
on the growing quasifilm during spin-coating of MAPbBrs/DMSO
with the optimized dripping conditions resulted in small MAPbBr3
grains (100-250 nm) possibly because of minimized crystal growth
time after supersaturation (10). This process was called as “nano-
crystal pinning” (NCP).

The NCP by a volatile polar solvent (S-NCP) was modified to
further decrease the grain size. Additive-based NCP (A-NCP), in
which organic small molecules 2,2’,2”-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBI) were included in the dripping
solvent (chloroform), effectively inhibited growth of MAPbBr; crys-
tals and substantially reduced MAPbBr; average grain size to
99.7 nm. PeLEDs based on A-NCP exhibited significantly high EQE ax
of 8.53% and maximum CE of 42.9 cd-A™" (10).

Another method to create uniform film morphology is to
control the solubility of perovskite precursors and crystallization
rate of perovskites (58). HBr incorporation into MAPbBrs/DMF

PNAS | October 18, 2016 | vol. 113 | no. 42 | 11697
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solutions increased the solubility of MAPbBr; and decreased the
crystallization rate; the HBr concomitantly increased supersatura-
tion concentration and reduced the final film thickness; uniform
and continuous MAPbBr; films resulted (58). Using this approach
with optimized HBr concentration (6 vol%), bright PeLEDs with
EQE ax of 0.1% and Lyax of 3,490 cd:m™ were achieved (58).

To fill the voids in perovskite crystals, an insulating polymer,
polyimide precursor (PIP), was mixed in perovskite solutions (51).
The presence of PIP between the scattered MAPbBr; crystals
blocked the flow of leakage current, which caused significant re-
duction in EL efficiency. The composite film was optimized at
the ratio of MAPbBr3:PIP = 1:1 (wt/wt), and the corresponding
PeLEDs showed EQE,,.x of 1.2% (51).

Although a uniform morphology can be achieved by using
various strategies described above, the luminescent property of
perovskite films can be further improved by controlling the pre-
cursor ratio (10, 57). The use of MABr-rich MAPbBr3 solutions
resulted in significantly enhanced EQE and luminance, because
slightly excess MABr made well-matching stoichiometry and pre-
vented the formation of metallic Pb atoms that strongly quench
luminescence (10). The precursor ratio, MABr:PbBr,, was optimized
at 1.05:1 (mol:mol) because the insulating nature of more excess
MABr can block efficient charge transport. Using the optimized
precursor ratio of MABr:PbBr; of 1.05:1, >100 times higher CE(21.4
cd-A™") was obtained than that of the device with equimolar pre-
cursor ratio (0.183 cd-A™") (10). The control of precursor ratio is also
useful in the all-inorganic perovskite CsPbBr; (57).

The use of quasi-2D perovskite structures can also be a useful
strategy to increase the efficiency of PeLEDs (65, 66). Very recently,
high-efficiency quasi-2D PeLEDs based on MA-phenylethyl am-
monium (PEA) mixed cations were reported (65, 66). The optimized
MA:PEA ratio led to the improved uniformity of perovskite film, strong
exciton confinement, and the decrease in trap density, resulting in
high-efficiency green PeLEDs (CE, ., = 4.90 cd-A™" (65). The highly
efficient infrared PeLEDs (EQE .« = 8.8%) based on the quasi-2D
perovskite structure (PEAZ(MA),_1Pbyl3n+.1) were shown with the sys-
tematic investigation on the charge carrier funneling (66).

Next-Generation Emitters: Perovskite Nanoparticle
Technology

Although luminescence efficiencies of PeLED based on PePCs have
increased, their large size grains (>100 nm) still provide the dissoci-
ation of excitons into free carriers and nonradiative recombination.
PePC films and PePC-PeLEDs also showed low PL and EL efficiencies
at low excitation density (<1 0*° cm~3) and applied bias, respectively,
because of little electron-hole wavefunction overlap and a lot of
unfilled trap states under low excitation density and applied bias.
Therefore, to further improve the EL efficiencies in PeLEDs, lumi-
nescence efficiencies at low applied bias need to be improved (8,
10). In this sense, PeNPs with small crystal size (<10 nm) that can emit
maximum PL and EL efficiencies at low excitation density or applied
bias can be a promising alternative strategy (69-72).

The increased exciton confinement and exciton binding en-
ergy in a small volume of PeNPs can increase the radiative re-
combination caused by exciton recombination rather than by free
carrier recombination (43, 69-74). Furthermore, PeNPs showed
much less subband defect states than did PePCs due to small size,
when their surface defects were chemically well passivated (71,
72). Thus, PeNPs, well passivated by chemical ligands, can show
high PLQE at low electric field or excitation density (71, 72).

The first PeNPs were fabricated using the hard-template ap-
proach by depositing perovskite precursor solution into Al;O3
nanoporous film (42). Although these nanocrystals showed size
controllability and did not use a surfactant ligand, they could not

11698 | www.pnas.org/cgi/doi/10.1073/pnas.1607471113

be used in LEDs because they need a nanoporous hard template
such as Al,O3 or TiO, (42, 75). For application to LEDs and other
optoelectronics, colloidal NPs synthesized by solution reaction
were demonstrated. The first colloidal PeNPs were synthesized
by “nontemplate” (NT) methods, which can synthesize mono-
dispersed PeNPs in solution (69). The authors formed colloidal
PeNPs by adding MA bromide (MABr) and PbBr; into a mixture of
oleic acid, octadecene, and long-chain alkyl ammonium bromide
as a ligand, at 80 °C. The first PeNPs synthesized by NT methods
showed PLQE of 20% and good dispersability in various protic
solvents (69). PLQE was increased to 83% by finely tuning the
molar ratio of MABr, PbBr,, and ligands (70).

Recently, Kovalenko and coworkers (43) reported all-inorganic
metal halide PeNPs, CsPbX3 (X = Cl, Br, |) that showed PLQE of
>90%, high color purity (12 < FWHM < 42 nm), wide color tunability
of 410-700 nm, and wide color gamut of 140% of the National
Television System Committee color standard. The PeNPs were
synthesized using the "hot-injection” (HI) method, in which the
Cs-oleate is injected into a mixture of oleic acid, oleylamine, and
PbX; in octadecene solution at a temperature of >140 °C. The
emission color and size can be controlled by adjusting reaction time
and temperature (43, 76, 77). This method imitates the synthesis
route of colloidal chalcogenide QDs such as CdSe QDs, but is much
simpler than those of colloidal inorganic QDs because PeNPs do not
need complex surface passivation process (20-29). However, HI
methods still use toxic and unstable organic solvents, and must be
conducted in a nitrogen environment at high temperature (>140 °C),
so the prospects of commercialization may be limited (43, 76-78).

Recently, Zhang et al. (71) reported MAPbBrs-based PeNPs
synthesized at RT, which had PLQE of >70%, good color purity, and
color tunability. All-inorganic PeNPs (CsPbX3) can also be synthe-
sized by the same process with MAPbBr; PeNPs synthesized at RT
(78). The authors synthesized colloidal NPs by dropping a perovskite
precursor solution in a good solvent (e.g., DMF) to a bad solvent
(e.g., toluene) under vigorous stirring. Due to poor solubility of pe-
rovskites in a bad solvent, they recrystallized when they met the
supersaturated state; they were stabilized using two different ligands
(e.g., oleic acid and oleylamine) (71, 78). These PeNPs synthesized at
RT showed similar high PLQE, color purity, and stability with those
synthesized by HI methods, but did not require inert environmental
and hot temperature, and thus are compatible with industrial mass
production due to high yield at low cost (71, 78).

The first ELs from PeNPs were reported by Pérez-Prieto and
coworkers (69) in 2014. In April 2015, Costa and coworkers (79) in-
creased Lmax of PeNP-based light-emitting electrochemical cells to
1.3 cd/m? by embedding PeNPs in the electrolyte matrix (mixture of
LiCF3SO3 and trimethylolpropane ethoxylate). Then, Zeng and
coworkers (77) first developed red-green-blue (RGB)-emitting all-
inorganic PeNP-LEDs. After those pioneering researches, EQE.x
and Lynax of PeNP-LEDs have dramatically increased to 5.7% and
206 cd/m? for red-emitting devices, and to 0.48% and 10,590 cd/m?
for green-emitting devices in only 2y, respectively (77, 79-82)
(Table 2). These increases in luminescence efficiencies of PeNP-LEDs
are much faster than the improvement of EQE,« in LEDs based
on inorganic QDs (Fig. 4A). Subsequently, many groups have
developed high-efficiency PeNP-LEDs by using (i) interlayer
control and (ii) PeNP film modification (80-82).

Rogach and coworkers (80) improved the EL efficiency of PeNP-
LEDs by interlayer control. They reduced the hole injection barrier
from 1.09 to 0.75 eV by applying thin PFI layer (~5 nm) on top of
poly(N,N'-bis(4-butylphenyl)}-N,N'-bis(phenyl)-benzidine) (poly-TPD).
Furthermore, PFI prevented the charge transfer between poly-TPD
and perovskite layers and luminescence quenching. As a conse-
quence of improved hole injection and prevented luminescence
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Table 2. Summary of published results from PeNP-based LEDs and inorganic QD-based LEDs

Previous reports (ref.)  Publication year/month  Emission layer FWHM, nm CEmaxs €A™' PEmax, IMW™"  EQE 0y, % Linax, cd'm™2
Schmidt et al. (69) 2014/01 MAPbBr3 22 n.r. n.r. n.r. ~0.5
Aygller et al. (79) 2015/04 MAPbBr3 ~200 (MAPbBr3) 0.013 (MAPbBr3) n.r. n.r. 1.8 (MAPbBr3)
FAPbBr3 ~200 (FAPbBr3) 0.005 (FAPbBr3) 0.8 (FAPbBr3)
Song et al. (77) 2015/10 CsPbCl3_Bry <30 0.14 (blue) 0.07 (blue) 0.07 (blue) 742 (blue)
CsPbBr3 0.43 (green) 0.18 (green)  0.12 (green) 946 (green)
CsPbls_Br, 0.08 (orange) 0.06 (orange) 0.09 (orange) 528 (orange)
Zhang et al. (80) 2016/01 CsPbBr3 18 0.19 n.r. 0.06 1,377
Ling et al. (81) 2015/11 MAPbBr3 20 n.r. 1 0.48 10,590
Li et al. (82) 2016/03 CsPbCly sBrq 5 17 (blue) n.r. n.r. 0.0074 (blue) 8.7 (blue)
CsPbBr3 19 (green) 0.19 (green) 2,335 (green)
CsPbl; »5Brg 75 29 (orange) 1.4 (orange) 1,559 (orange)
CsPbls 31 (red) 5.7 (red) 206 (red)
Mattoussi et al. (21) 1998/06 CdSe ~30 n.r. n.r. 0.1 n.r.
Schlamp et al. (22) 1997/08 CdSe/CdS ~50 n.r. n.r. 0.22 600
Coe et al. (23) 2002/12 CdSe/ZnS 32 1.6 n.r. 0.52 2,000
Coe-Sullivan et al. (24) 2005/04 PbSe 27 n.r. >1 >2 >7,000
Cho et al. (25) 2009/05 CdSe/CdS/ZnS 35 2.53 2.41 n.r. 12,380
Kwak et al. (26) 2012/04 Cd1—xZnxS@ZnS ~20 0.4 (blue) n.r. 1.7 (red) 2,250 (blue)
CdSe@7ZnS ~30 19.2 (green) 5.8 (green) 218,800 (green)
CdSe/CdS/ZnS ~30 5.7 (red) 7.3 (red) 23,040 (red)
Qian et al. (27) 2011/08 CdSe/ZnS 28 0.32 (blue) 0.17 (blue) 0.22 (blue) 4,200 (blue)
38 7.5 (green) 8.2 (green) 1.8 (green) 68,000 (green)
39 3.9 (red) 3.8 (red) 1.7 (red) 31,000 (red)
Mashford et al. (28) 2013/04 CdSe/CdS ~25 19 25 18 >50,000
Dai et al. (29) 2014/12 CdSe/CdS 28 n.r. n.r. 20.5 42,000

n.r., not reported.

quenching, PeNP-LEDs showed the improved CE from 0.08 to 0.19
cd-A~" and EQE, ., from 0.026% to 0.06%, respectively (80).

Gao and coworkers (81) improved the luminescence efficiencies
of PeNP-LEDs by coating poly(9-vinylcarbazole):2-(4-biphenylyl)-5-
phenyl-1,3,4-oxadiazole (PVK:PBD) layers on PeNP layers. PVK:PBD

cohost layer improved the charge balance in devices and reduced
the film roughness by covering voids and holes in PeNP films (Fig.
4B). PeNP-LEDs with PVK:PBD layers exhibited much improved
Linax Of 10,590 cd-m™2 and EQE . of 0.48% compared with those
without PVK:PBD layers (Lmax of 1,113 cdm™ and EQE,., of
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Fig. 4. (A) External quantum efficiency characteristics of QD LEDs and

PeNP-LEDs. Data are taken from references as follows: QD LEDs, refs.

20-29; PeNP-LEDs, refs. 79-82. (B) Schematic of MAPbBr; PeNP/PVK:PBD layer as reported in ref. 81 (inspired by a similar drawing in ref. 81).

(C) Schematic of cross-linking process. Reproduced from ref. 82 with

permission from Wiley-VCH. (D) PL transients measured at different

excitation power density. Reproduced from ref. 83 with permission from American Chemical Society.

Kim et al.

PNAS | October 18, 2016 | vol. 113 | no. 42 | 11699



)
&
S
&
N
&
g
2
£
g
S
2
a
<
5
o
=
2
<
o
=}
o
S
=)
z
)
s
k-]
3
3
3
S
=
H
g
a

0.038%). Recently, Tan and coworkers (82) dramatically improved
the EQE,.x of PeNP-LEDs by using vapor cross-linking methods.
They created a hydroxide-terminated aluminum oxide network
between PeNPs by exposing them to trimethylaluminum (TMA)
vapor (Fig. 4C). This cross-linking method can increase the PL in-
tensity by increasing the crystal spacing and passivating the surface
defects of NPs. With this cross-linking method, PeNP-LEDs
achieved remarkably high EQE,,.x = 5.7%, which is 10 times higher
than that of non—cross-linked devices (82). Furthermore, this cross-
linking method can be applied to various RGB-emitting PeNP films
and demonstrate multicolor emitting PeNP-LEDs.

Although PeNPs showed excitonic behavior due to much im-
proved wavefunction overlap, high Ey, and high PLOE at RT and
low excitation fluences, and PeNP-LEDs showed the dramatically in-
creasing luminescence efficiencies, large number of surface defects
arising from high surface-to-volume ratio (S/V) should be passivated
for higher efficiency and stability. PeNPs have much more defects and
trap density [(1.9-7.6) x 10" em 3 for 10-nm MAPbBr; particles] than
do millimeter-sized MAPbBr; large crystals (5.7 x 10° cm™) or MAPbl;
thin-film polycrystals (~10" cm™) due to high SV when their surface
defects are not chemically passivated (73, 83). These surface defects
can induce nonradiative decay of excitons in grain boundaries and
consequently induce smaller PL intensity and high amplitude of PL
blinking (1 o’ photons cd®W sy (73, 74, 83). These severe PL
blinking and numerous surface defects in PeNPs can be prevented by
irradiation with light, reaction with Lewis bases, and self-passivation of
Pb-halogen composites (e.g., PbBr,) (73, 78, 83, 84).

Considering the explosive improvement of EQE,.x in PeNP-
LEDs and various surface trap-passivating methods, we anticipate
that the luminescence efficiencies of PeNP-LEDs will catch up with
those of inorganic QD LEDs or OLEDs in the near future.

Future Directions
The huge impact of perovskite emitters is manifested by its explo-
sive increase in luminescence efficiencies and fundamental research
including dynamics of charge carriers (e.g., excitons, multiexcitons,
and free carriers) (85) and quantum confinement effects (86). Their
low material costs also provide a high possibility of their wide ap-
plication in industry. However, there are still many technological and
scientific challenges: the 8.53% of EQE,,, in PeLEDs remains below
that of QD LEDs (~20%) and OLEDs (~30%). We expect the EQE of
PeLEDs will eventually increase up to 25~30% envisaging the future
improvement in the PLQE of perovskite emitters up to 100%, the
charge balance factor of PeLEDs up to 100%, and the common level
of outcoupling efficiency of 25~30% (87). Furthermore, few studies
on device stability and environmentally benign perovskite emitters
have been conducted. Here, we suggest future research directions
of perovskite emitters that can attract many researcher’s attention.

To further increase the EL efficiencies of PeLEDs, reducing the
grain size of PePCs down to exciton Bohr diameter Dg can be
effective. The Dg of MAPbBr; can be calculated according to the
following equation:

_ &rMp

rg=——0.053~5 nm,
7

where rg is the exciton Bohr radius, &, ~ 16 is the dielectric con-
stant, and u ~ 0.12mq is the reduced mass of MAPbBr; (88, 89).
Thus, decreasing the grain size to ~10 nm (near Dg) by adding
crystal-pinning agents can maximize the EQE . considering
trade-off between large surface traps that can act as nonradiative
recombination sites in grains <Dg (73, 74), and thermal ionization
of charge carriers in grains >Dg. Especially, different fabrication

11700 | www.pnas.org/cgi/doi/10.1073/pnas.1607471113

methods such as coevaporation of perovskite precursors and or-
ganic semiconductors may offer a new possibility of efficient en-
ergy transfer system in host-guest (organic—perovskite) EML. The
guest-host (QD—perovskite) system (90, 91) can also show the
potential of perovskite in different applications.

The relatively higher refractive index Rl of perovskites (fperov >
2.0) compared with those of organic films (7organic ~ 1.7) and glass
substrate (7g1ass ~ 1.5) can induce the internal reflection at the ETL/
perovskite or HTL/perovskite interfaces and severe light trapping
(i.e., optical loss), and thus reduce the EL efficiency (87, 92, 93).
Therefore, various light extraction techniques such as use of RI-
matching substrate or additional layer, optimization of LED struc-
tures, light-extracting structures (e.g., microlens arrays, etching the
glass substrate, nanostructures, photonic crystals), and surface
plasmons can further enhance the EL efficiencies of PeLEDs (87, 94).

To improve the stability of perovskite emitters, substituting Cs
cations or FA cations to MA cations can be effective (11, 12). FAPbBr;
is a promising candidate for EML in green light-emitting PeLEDs with
high photo, moisture, and thermal stability. Although FA-based pe-
rovskites offer high stability, their charge carrier mobilities are much
inferior to MA-based perovskites, which limits luminescence effi-
ciencies and brightness in PeLEDs; therefore, to complement the
inferior charge carrier mobilities, research on finding an optimal film
morphology and device structure is required. CsPbBr; showed
much higher onset temperature of evaporation/deposition
(~580 °C) than did MAPbBr; (~220 °C) (12); thus, Cs-based
perovskites can be an important research topic for achieving
high stability in PeLEDs. Introduction of a quasi-2D perovskite
structure (13, 14) and a fluorinated ammonium cations (15),
cross-linking of perovskite crystals (16), and Lewis base treat-
ment of perovskite layers (73) can be also effective ways to
improve device stability.

Furthermore, a toxicity problem of perovskite due to center Pb
metal should be solved. Pb-free perovskite emitters were
reported; however, the PLQOE was very low (<0.14%) and EL has not
been reported yet, possibly due to the severe instability, and de-
fects or trap states by emergence of Sn** center (17-19). Some
approaches, such as reducing hole-doping density and using
stabilizers that reduce Sn vacancies and traps, may improve the
stability of Pb-free perovskite EML and environmentally benign
PeLEDs (17-19). With these approaches, perovskite emitters can
be investigated for use in other applications such as bicimaging as
well as displays and solid-state lightings.

Research on the few atomic levels of perovskites may also offer
a fundamental understanding of complex properties in quantum
size regime. Atomically very thin 2D perovskite showed the
structural relaxation, enhanced PL intensity, and increased band
gap compared to the bulk perovskite (95, 96). Further research on
charge dynamics, quantum effects, and structural mechanics may
create a new range of applications.

Despite the remaining challenges of perovskite emitters in
terms of limited efficiency, instability, and toxicity, the high color
purity and low material costs of perovskite emitters are very at-
tractive for industrial applications (especially for displays). We
envisage that these advantages and potentials of perovskite
emitters will encourage researchers to collaborate to solve the
remaining challenges and to make a synergetic effect in multi-
disciplinary fields such as physics, chemistry, and engineering.
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