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Colloidal metal—halide perovskite quantum dots (QDs) e -
perovskite NPs
with a dimension less than the exciton Bohr diameter Dy (quantum size O
regime) emerged as promising light emitters due to their spectrally ;
narrow light, facile color tuning, and high photoluminescence quantum
efficiency (PLQE). However, their size-sensitive emission wavelength and
color purity and low electroluminescence efficiency are still challenging
aspects. Here, we demonstrate highly efficient light-emitting diodes
(LEDs) based on the colloidal perovskite nanocrystals (NCs) in a
dimension > Dy, (regime beyond quantum size) by using a multifunctional
buffer hole injection layer (Buf-HIL). The perovskite NCs with a
dimension greater than Dy show a size-irrespective high color purity and e s
PLQE by managing the recombination of excitons occurring at surface 35 35 0 45 50 55 60
traps and inside the NCs. The Buf-HIL composed of poly(3,4- Yo
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) and per-
fluorinated ionomer induces uniform perovskite particle films with complete film coverage and prevents exciton quenching
at the PEDOT:PSS/perovskite particle film interface. With these strategies, we achieved a very high PLQE (~60.5%) in
compact perovskite particle films without any complex post-treatments and multilayers and a high current efficiency of 15.5
cd/A in the LEDs of colloidal perovskite NCs, even in a simplified structure, which is the highest efficiency to date in green
LEDs that use colloidal organic—inorganic metal—halide perovskite nanoparticles including perovskite QDs and NCs.
These results can help to guide development of various light-emitting optoelectronic applications based on perovskite NCs.
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etal—halide perovskite emitters emerged as promis-
ing light emitters because they are inexpensive, can
emit spectrally narrow light (full width at half-

maximum (fwhm) &~ 20 nm), which is irrespective of their November 11, 2016
grain/particle size, and have facile color tuning and comparable June 6, 2017
ionization energy (IE) and electron affinity levels with those of June 6, 2017
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organic charge-transporting layers.'~* However, electrolumi-
nescence (EL) efficiencies based on conventional polycrystal-
line perovskite bulk films are limited by the low exciton binding
energy (E,) of the perovskite bulk films (eg, 76 meV for
methylammonium lead bromide (CH;NH;PbBr;)) and low
photoluminescence quantum efficiency (PLQE) at room
temperature (RT), by the presence of electrical shunt paths
caused by the rough surface and pinholes in perovskite films
and by the large number of intrinsic defects caused by imperfect
micrometer-sized cubic crystals.”®

Recently, the potential of polycrystalline perovskite bulk film
emitters has been demonstrated by confining the exciton in
small perovskite nanograins (~100 nm), reducing the exciton
diffusion length, L, (~67 nm), and leakage current in devices
by fabricating a uniform perovskite film;”* these results showed
that the photoluminescence (PL) and EL efficiencies of
perovskite emitters can be increased if E, can be further
increased and L can be decreased by reducing the grain size.

However, a more ideal approach to achieve high E;, and low
Ly in perovskite emitters is to effectively confine the excitons in
the form of nanometer-scale (<20 nm) colloidal perovskite
nanoparticles (NPs) rather than in polycrystalline perovskite
bulk films with large grain size (0.1—10 pm). These perovskite
NPs are in totally different research subfields from polycrystal-
line perovskite bulk films and have completely different
approach methods and fabrication processes.” Thus, develop-
ment and application of perovskite NPs as emitters should be
considered separately from those of polycrystalline perovskite
bulk films. Furthermore, perovskite NPs can have a higher
possibility to improve the EL efficiency of perovskite emitters
than can polycrystalline perovskite bulk films because perov-
skite NPs themselves showed much higher PLQE than did
polycrystalline perovskite bulk films.”®” Therefore, solution-
processed light-emitting diodes (LEDs) based on perovskite
NPs with size-irrespective high color purity and efficiency
should be studied.

Perovskite NPs can be divided into two different regimes: (i)
perovskite quantum dots (QDs) with a dimension less than the
exciton Bohr diameter, Dy (quantum size regime), and (ii)
unexplored perovskite nanocrystals (NCs) with a dimension
greater than the Dy (regime beyond quantum size). Perovskite
QDs with size less than Dg (<10 nm) showed high E, and low
Lp and thereby achieved high PLQE at RT.°"* In addition, the
amenability of perovskite QDs to colloidal synthesis gives
various advantages such as compatibility with shape- and size-
engineering, compositional diversity, excellent solubility in
common organic solvents (e, toluene and chlorobenzene),
and the possibility of J)ostsynthetic reversible chemical
exchange of halide anion. ~'2 However, these studies do not
exploit the great advantage that electronic properties of
perovskite emitters are determined by the unit crystal’s
structure rather than by the particle size and still suffer strong
dependence of emission wavelen§th and color purity on the
QD size, as do inorganic QDs."” Therefore, perovskite NCs
with a dimension greater than the Dy in which the wavelength
and color purity of the emitted light are not affected by the
particle size should be evaluated.

Furthermore, uniform perovskite NC films should also be
fabricated to demonstrate the high-efficiency LEDs. However,
perovskite QD or nanoplate films on a conventional poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) hole injection layer (HIL) induced the inhomoge-
neous surface morphology with pinholes and aggregated QDs
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or nanoplates and, thus, reduced the luminescence efficiency in
LEDs."* Recently, uniform perovskite QD or nanoplate films
and the potential of high-efficiency LEDs were demonstrated
by covering the perovskite nanoplate films with organic host
materials or by using trimethylaluminium vapor-based cross-
linking methods or by using dip-coating methods to fabricate
the QD films on a PEDOT:PSS/poly(9-vinylcarbazole)
multilayer.'*™'° Very recently, efficient LEDs based on colloidal
perovskite nanoplate films were also demonstrated (external
quantum efficiency (EQE) = 0.23% for blue-sky, EQE =
0.038% for violet, and EQE = 2.31% for green),'”'® and the
highest current efficiency (CE) reported so far in green LEDs
that use colloidal organic—inorganic metal-halide perovskite NP
layers is 11.49 cd/A." The exciton quenching by PEDOT:PSS
at the PEDOT:PSS/perovskite NP interface in the devices can
still be significant.” The device efficiency can be further
improved by overcoming the severe exciton quenching at the
PEDOT:PSS/perovskite NP interface and by fabricating the
uniform perovskite NP films with complete film coverage.”’
Therefore, homogeneous perovskite NC films without any
additional processes and multilayers need to be fabricated and
the exciton quenching at the PEDOT:PSS/perovskite NC
interface should be prevented to further improve the EL
efficiency of perovskite NC-LEDs.*’

Here, we report the highly efficient perovskite NC-LEDs by
two important strategies: (i) synthesizing the CH;NH;PbBr,
NP emitters with dimensions greater than the Dy (perovskite
NCs) and (ii) using a multifunctional buffer hole injection layer
(Buf-HIL) (Figure lab). Perovskite NCs (i.e., perovskite NPs
with dimensions greater than the Dj) unlike QDs lead to size-
insensitivity of the emission wavelength and of color purity, due
to crystal-structure-dependent electronic band structures."”
Furthermore, they can also achieve high PLQE and EL
efficiency because NCs have a lower surface area to volume
ratio and, therefore, show less trap-assisted recombination
occurred at the surface traps and a smaller amount of insulating
ligand in film states than do perovskite QDs (dimensions less
than the Dy).*®*"** Buf-HIL also induces uniform perovskite
particle films with complete film coverage. Furthermore, they
can prevent exciton c%uenching at the PEDOT:PSS/perovskite
particle film interface.” With these strategies, we achieved a very
high PLQE (~60.5%) in compact perovskite particle films
without any complex post-treatments and a high CE of 15.5 cd/
A in perovskite NC-LEDs even in a simplified device structure
(anode/Buf-HIL/perovskite NCs/1,3,5-tris(N-phenylbenzimia-
zole-2-yl)benzene (TPBI)/cathode).

RESULTS AND DISCUSSION

We used solubility-difference-assisted crystallization at RT to
synthesize CH;NH;PbBr; NPs with various sizes including
QDs and NCs that incorporate two ligands: (1) n-hexylamine
to prevent the direct crystallization of CH;NH;PbBr,
precursors into large (micrometer) crystals when they are
mixed with “bad” solvent (e.g., toluene) and (2) oleic acid to
suppress the reaggregation of synthesized perovskite NPs and
to control the crystallization rate and size of the particle by
adhering to the surfaces of perovskite NPs.”*** This adhesion
is facilitated by charge equilibrium between carboxyl groups of
oleic acid and amine groups of methylammonium in perovskite
NPs.° Oleic acid can serve as an emulsifier and surface-capping
agent by anchoring to the surface amine groups of perovskite
NPs. Thus, we can control the size of perovskite NPs by
adjusting the amount of oleic acid: increasing the amount of
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Figure 1. (a) Dimension distributions of inorganic QDs, perovskite
QDs, and perovskite NCs, (b) device architecture of perovskite
NP-LEDs, (c) schematic illustration of size-controllable perovskite
NP synthesis, (d) size distribution histogram of perovskite NPs
according to the different amount of ligand quantity, (e) fast
Fourier transform pattern and high-resolution TEM image (inset),
and (f) elemental mapping of perovskite NPs.

emulsifier oleic acid reduces the duration of the reaction and
thus decreases the NP size from ~35 nm to ~3 nm and reduces
the size deviations (Figure lcd and Figure S1).**”>° High-
resolution transmission electron microscopy (HR-TEM) and
the fast Fourier transform (FFT) image showed a good
crystalline structure with interplanar distances of 2.68 and 2.95
A, which correspond to the (210) and (200) crystal planes,
respectively (Figure le); this observation indicates that
perovskite NPs had a cubic Pm3m phase. These crystal planes
are consistent with the X-ray diffraction (XRD) peaks, which
can be interpreted using Bragg’s law (Figure S2). The broad
XRD peaks according to the Debye—Scherrer expression
further confirm that the perovskite NPs are small.® Elementary
mapping images measured by energy dispersive spectroscopy
(EDS) further confirm that Pb and Br atoms that constitute the
perovskite crystals are uniformly distributed in their perovskite
NPs (Figure 1f).

By fitting an equivalent circuit model of impedance
spectroscopy data, we extracted the exciton Bohr radius, ry &
S nm, which is in accordance with previous literature (Figure
$3).*°"*® This result indicates that perovskite NPs < 10 nm
(i.e., QDs) showed a blue-shifted PL spectrum (484 nm for S
nm QDs and 470 nm for 3 nm QDs, respectively) due to the
quantum-size effect and a broadened PL spectrum (fwhm: 35
nm for 5 nm QDs and 30 nm for 3 nm QDs, respectively)
possibly due to the size distribution and to defect states or
shallow traps in the large surface regions (Figure 2a,b).”* These
blue-shifted PL spectra of perovskite QDs indicated the
increasing PL peak energy with decreasing dimension below
the quantum size (<Dy); these are consistent with the effective
mass theory for semiconductor QDs (Figure $4).”%*”*° The PL
spectrum of perovskite NPs > 10 nm (i.e., NCs) showed sharp
peaks (fwhm ~23 nm) at ~515 nm. These perovskite NCs are
beyond the quantum-size regime, and their spectrum is
unaffected by their particle size because their electronic band
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Figure 2. (a) PL spectra of perovskite NPs, (b) maximum PL peak wavelengths and fwhm of perovskite NPs and photograph of perovskite
NPs under a A = 350 nm Xe lamp (inset), (c) PLQE of the perovskite NPs under 400 nm excitation, and (d) PL lifetime curves of perovskite

NPs obtained from TCSPC.
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Figure 3. (a) Energy band diagram of perovskite NP-LEDs, (b) XPS survey spectra of perovskite NPs, (c) Br/O, Pb/O, and N/O ratios of
perovskite NPs, (d) FT-IR spectrum of perovskite particle films, (e¢) AFM image of Buf-HIL/perovskite particle films, and (f) fluorescence
microscope image of Buf-HIL/perovskite particle films under A = 350 nm excitation.

structures depend on the unit crystal structure rather than on
particle size. Perovskite NPs of size < Dy (i.e., S and 3 nm QDs)
showed a gradual blue shift in emission under UV illumination
as the particle size decreased due to the quantum-size effect
(inset of Figures 2b, S4). The PL peak positions of all
perovskite NPs remained constant regardless of the excitation
wavelength; this result indicates that they have a single lowest
excited state (S;), do not have any other PL centers (e.g., from
the ligand), and meet Kasha’s rule (Figure SS).

Perovskite NCs with a size > Dy (i.e, 11—27 nm) showed
the highest PLQE (~72%) among perovskite NPs (Figure 2c).
The high PLQE of perovskite NCs is due to the increased E,
and spatial exciton confinement in small NCs of size close to
Dg, which increase the electron—hole wave function overlap
and radiative recombination by reducing the thermal ionization
and delocalization of excitons.”~"” In contrast, perovskite QDs
with a size less than Dy showed a gradually decreasing PLQE
from ~65% for S nm QDs to ~62% for 3 nm QDs. We
attribute this decrease to the increase in trap-assisted
recombination of excitons at surface traps due to the larger
surface-to-volume ratio because trap-assisted recombination is
mainly related to the nonradiative recombination.”**"***° Due
to the competing processes between thermal ionization (>>Dj)
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and trapping of charge carriers at surface traps (<Dp),
perovskite NCs with a size 2 Dy showed the highest PLQE
and a sharp spectrum (small fwhm) with a constant PL position
irrespective of particle size and size distribution, and thus can
maximize the EL efficiency in LEDs.

To further understand the dynamics of excitons in perovskite
NPs according to the size difference, we used time-correlated
single-photon counting (TCSPC) to measure the PL lifetime of
NPs (Figure 2d). All samples showed a much shorter average
lifetime (7,,) than did bulk perovskite films (~100 ns);” the
reduction in lifetime indicates that PL decay of perovskite NPs
mainly occurs by geminate electron—hole recombination due to
increasing E,, and electron—hole overlap, rather than by free-
carrier recombination.”” As the size of the perovskite NPs
decreased from 35 nm NPs to 3 nm NPs, the PL lifetime
gradually decreased from 1549 ns to 6.68 ns due to (i)
enhanced spatial confinement of electron—hole pairs inside the
perovskite NPs and (ii) increasing trap-assisted recombination
of carriers at the surface traps.””"*>*° In the perovskite NCs
with a size > Dy (~10 nm) (regime beyond the quantum size),
spatial confinement of electron—hole pairs mainly occurred
with decreasing NP size; thus, the PLQE of NPs gradually
increased to a certain size close to the Dy (Figure 2c).
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Figure 4. (a) CE characteristics, (b) EQE characteristics, and (c) luminance characteristics of perovskite NP-LEDs using various NPs and
cross-sectional TEM image (inset); (d) CE characteristics, (¢) EQE characteristics, and (f) luminance characteristics and photograph (inset)
of perovskite NC-LEDs with a 30 nm thick perovskite particle layer.

However, in the perovskite QDs with a size < Dy (quantum size
regime), trap-assisted recombination of carriers at the surface
traps, which can mainly induce the nonradiative recombination
of carriers, more severely occurred due to their large surface-to-
volume ratio; thus, the PLQE of NPs tended to decrease with
decreasing NP size (Figure 2c). Thus, our perovskite NPs with
a size & Dy showed the highest PLQE (~72%).

To measure the energy band structure of perovskite NPs, we
conducted temperature (T)-dependent PL (Figures S6, S7),
ultraviolet photoelectron spectroscopy (UPS) (Figure S8), and
ultraviolet (UV)/visible absorption spectroscopy (Figure S9) of
various NPs. As the perovskite NP size decreased, the E, IE,
and optical band gap (i.e., absorption onset) tended to increase
from ~153 meV, ~5.7 €V, and ~2.35 eV for 35 nm NPs to
~319 meV, ~595 eV, and ~2.59 eV for 3 nm NPs,
respectively. Thus, the band gap (i, the gap between the
valence band maximum and the conduction band minimum)
also gradually increased from ~2.51 eV for 35 nm perovskite
NPs to ~2.91 eV for 3 nm NPs (Figure 3a); these are similar to
the inorganic QDs (<Dg).*® These increasing band gaps of
perovskite QDs (<10 nm) induced the quantum size effect and
blue-shifted PL (Figure 2a,b and Figures S4, SS).
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Furthermore, to relatively investigate the size reduction of
perovskite NPs, we compared the peak intensity of C, O, Br,
Pb, and N atoms in X-ray photoelectron spectroscopy (XPS)
measurements. As the perovskite NP size decreased, the C and
O peaks relatively increased, but the Br, Pb, and N peaks
gradually decreased (Figure 3b,c and Figure $10).*°" We
attribute these opposing changes to the increasing surface area,
which contains a surface-capping agent (oleic acid), compared
to the decreasing core perovskite nanostructure
(CH3NH,;PbBr;). The surface characteristics were also
identified using Fourier transform infrared (FT-IR) spectros-
copy data (Figure 3d). We can clearly detect the C—N stretches
(1020—1200 cm™) and C—O bend (1200—1300 cm™), which
indicate the presence of hexylamine and oleic acid, respectively.
The N—H stretches (3000—3300 cm™'), C—H bend (1450—
1550 cm™'), and C—H stretches (2850—3000 cm™) also
confirmed the presence of organic ligands (e.g., hexylamine and
oleic acid) and perovskite crystals (CH;NH;PbBr;).

Perovskite particle films on Buf-HIL composed of
PEDOT:PSS and perfluorinated polymeric acid (PFI),
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesul-
fonic acid copolymer, showed a uniform surface with a root-
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mean-square roughness (r.,,) of 346 nm (Figure 3e). The
uniform surface of Buf-HIL/perovskite particle films can reduce
electrical shunt paths and leakage current in LED devices.
However, perovskite particle films on conventional PE-
DOT:PSS HIL showed sparsely coated and aggregated particle
structure and induced severe exciton quenching at the interface
(Figure S11).* Furthermore, gradually increasing PFI concen-
tration in Buf-HIL from the bottom surface to the top surface
due to its self-organization can induce a gradually increasing
work function of Buf-HIL from ~5.2 eV at the bottom surface
to ~5.95 eV at the top surface, thus improving the hole
injection capability to the perovskite particle emitting layer
(EML) (Figure 3a)’ A large proportion of PFI on top of Buf-
HIL can also prevent exciton quenching at the PEDOT:PSS/
perovskite particle film interface.” Therefore, Buf-HIL can
increase the EL efficiencies of perovskite NP-LEDs not only by
facilitating the hole injection and preventing exciton quenching
at the PEDOT:PSS/perovskite particle film interface but also
by inducing the uniform perovskite particle films possibly due
to their low surface energy (~23 mN/m) (Figure S11 and
Table S1).>3*

Uniform perovskite particle films on Buf-HIL maintained the
sharp green PL peak of perovskite particle films at both RT and
low T (Figure S12). Thus, perovskite particle films on Buf-HIL
also maintained high PLQE (~60.5%) without any complex
post-treatment; this value is only slightly lower than that of NPs
in solution (PLQE = 72%) and significantly higher than that of
polycrystalline perovskite bulk film without an additional
treatment (PLQE ~ 2.4%, average size 2 ym). The perovskite
particle films on Buf-HIL also showed very uniform and bright
PL under excitation at 4 = 350 nm (Figure 3f).

LEDs based on perovskite NCs > Dy (11—27 nm) showed
luminescence efficiencies (CE ~ 4.88—6.02 cd/A and EQE ~
1.04—1.26%) that are higher than those of other devices
(Figure 4a—c and Figure S13). The LEDs based on perovskite
NPs > Dy or < Dy exhibited poorer luminescence efficiencies,
which are consistent with the PLQE trend of emitting NPs,
although some agglomeration of perovskite NPs occurs during
the five-times spin-coating process of the NP solution (Figure
S14). These low luminescence efficiencies of LEDs based on as-
synthesized perovskite NPs >> Dy can be mainly ascribed to the
large particle size in the deposited particle films (Figure S14),
whereas the low efficiency in LEDs with as-synthesized NPs <
Dy is mainly due to the large amount of insulating ligand in the
deposited particle films (Figure 3b,c and Figure S10). These
luminescence efficiencies of LEDs based on various perovskite
NPs are well reproduced in 10 randomly selected LED devices
and also in LEDs without thermal annealing, although the
overall luminescence efliciencies of LEDs without thermal
annealing were much lower than those with thermal annealing,
possibly due to the residual solvent and imperfect crystallinity
in perovskite particle films (Figures S15, $16).”’

To further confirm the size effects of as-synthesized
perovskite NPs on the deposited perovskite particle films, we
measured the 7,, of the deposited particle films. As the size of
as-synthesized perovskite NPs increased, 7,, of the deposited
perovskite particle films, as measured at the maximum PL peak
(~520 nm), gradually increased from 43.75 ns for particle films
fabricated by as-synthesized 3 nm NPs to 95.97 ns for particle
films formed by as-synthesized 35 nm NPs (Figures S17, S18a).
These results correspond well with the 7,, of as-synthesized
perovskite NP solutions (Figure 2d) and thus confirm that the
size of deposited perovskite particles in films was affected by
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the size of as-synthesized NPs. 7,, increased with increasing
detection wavelength in perovskite particle films fabricated
using as-synthesized NPs with large size (i.e., 27 and 35S nm),
but not in particle films fabricated using as-synthesized NPs
with small size (ie, 3 and S nm) (Figure S18b—f). These
increasing 7,, with increasing detection wavelength may be due
to the large size distribution in perovskite particle films
fabricated using large as-synthesized NPs.”* These results also
concur with the size distribution of the as-synthesized
perovskite NPs (Figure 1d) and thus indicate that the
relationship between size distribution and the particle size of
deposited particle films corresponds to the same relationships
in as-synthesized NPs. These results confirm that to maximize
both the PLQE of perovskite NPs and luminescence efficiencies
of NP-based LEDs, the size of as-synthesized NPs should be
controlled to be ~Dg. Furthermore, these luminescence
efficiencies of perovskite NC-LEDs are also much higher than
those using conventional PEDOT:PSS (CE ~ 0.117 cd/A) due
to the homogeneous perovskite particle films with full coverage
on Buf-HIL and improved hole injection capability and
prevented exciton quenching at the PEDOT:PSS/perovskite
particle film interface by using Buf-HIL (Table S1, Figures S11,
S19). The average EML thickness of LEDs using 11 nm
perovskite NCs is ~15 nm, and we assume that the average
thickness of perovskite particle films in NP-LEDs in Figure 4a—
c is around 1—1.5 monolayers (inset of Figure 4c).

We further optimized the luminescence efficiencies of
perovskite NC-LEDs by increasing the thickness of the
perovskite particle EML to ~30 nm. The perovskite NC-
LEDs exhibited a very high maximum CE of 15.5 cd/A, an EQE
of 5.09%, and a power efficiency (PE) of 12.17 Im/W without
complex post-treatment and an additional layer (Figure 4d—f
and Figure S20a,b). To our best knowledge, these efficiencies
are the best in green LEDs based on colloidal organic—
inorganic metal—halide perovskite NPs and comparable to the
highest efliciencies in green LEDs based on colloidal all-
inorganic metal—halide perovskite NPs (EQE = 6.27%, CE =~
13.3 cd/A, PE ® 524 Im/W) including perovskite QDs and
NCs to date.”>*® The perovskite NC-LEDs exhibited very
bright green emission (inset of Figure 4f). The sharp EL
spectrum (fwhm ~22 nm) did not change with applied bias;
this stability indicates that the Buf-HIL and electron-injecting
TPBI layer efficiently facilitate charge injection into the
perovskite particle layer and confine the injected holes and
electrons in the EML (Figure S20c). The Commission
Internationale de 1’Eclairage coordinates were (0.088, 0.711),
which are located outside the National Television System
Committee’s standard colors (inset of Figure $20c).*’

CONCLUSIONS

In conclusion, we fabricated high-efficiency perovskite NC-
LEDs with CE = 15.5 cd/A without any complex post-
treatments and multilayers, which is the highest efficiency in
green LEDs using organic—inorganic metal—halide perovskite
NPs including perovskite QDs and NCs to date. To achieve a
high EL efficiency in perovskite NPs, we (i) synthesized
perovskite NC emitters with a dimension > Dg. Perovskite
NCs can provide size-insensitive high color purity and high
efficiency by preventing charge trapping at the surface defects
or traps in NPs of size < Dy and thermal ionization of excitons
in NPs of size >> Dy, respectively. Furthermore, we (ii) used
Buf-HIL, which can efficiently prevent the exciton quenching at
the PEDOT:PSS/perovskite particle film interface. Buf-HIL can
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also give highly uniform perovskite particle films with complete
film coverage, thus maximizing the PLQE (~60.5%) and EL
efficiency of perovskite particle films.

This demonstration of high-efficiency perovskite NC-LEDs
based on semiconducting perovskite NPs with a size > Dy and
Buf-HIL suggests a simple route to develop high-efficiency NP-
LEDs that use inexpensive and size-insensitive emitters with
high color purity and high efficiency, while inorganic QDs and
perovskite QDs show size-sensitive emission colors and size-
distribution-dependent color purity. Considering the low-cost
processability, suitable dimensions for fine control for massive
synthesis, size-insensitive light emission, applicability to many
optoelectronics, and high PLQE of perovskite NCs, these
methods described here can help to guide development of
various light-emitting optoelectronic applications based on
perovskite NCs.

METHODS AND EXPERIMENTAL DETAILS

Preparation of CH;NH;Br Precursor. CH;NH;Br was synthe-
sized by reacting SO mL of HBr (48% in water, Aldrich) with 30 mL of
methylamine (40% in methanol, Junsei Chemical Co. Ltd.) in a 250
mL round-bottom flask. After evaporating the solvents, we collected
the white precipitates. Then, we purified and recrystallized the
products by using ethanol and diethyl ether.

Synthesis of Perovskite Nanoparticles. We dissolved 0.6 mmol
of CH;NH;Br, 0.8 mmol of PbBr,, and 80 uL of n-hexylamine in 20
mL of dimethylformamide (DMF) to form a clear transparent
precursor solution. Then, 1 mL of precursor solution was dropped into
5 mL of a toluene solution containing predissolved oleic acid of
different amounts, from S to 100 uL, with vigorous stirring. The
solution changed to a yellow-green color immediately upon mixing.
The solution was centrifuged at 3000 rpm for 10 min to remove large
particles that settled down to the bottom of a Falcon tube. Then, we
collected the perovskite NP solution by pouring the upper part of the
solution into another vial except for the aggregated particles.

LED Fabrication. Indium tin oxide patterned glasses were
sonicated twice in acetone and once in 2-isopropanol for 15 min
each, then boiled in 2-isopropanol for 30 min and dried in an oven.
After these steps, the glasses were treated with ozone for 10 min to
make the surface hydrophilic. On the ozone-treated surface, Buf-HILs
were spin-coated to make a layer of 40 nm thickness, then baked at
150 °C for 30 min. Each sample was transferred into a glovebox, and
perovskite NP solutions that were dissolved in toluene were spin-
coated with 3000 rpm for 90 s. The above spin-coating procedure was
repeated five times. To fabricate thicker perovskite NP films, we spin-
coated NP solutions with higher concentrations, which were
synthesized by dripping a higher concentrated precursor solution
(3.45 mmol of CH;NH,Br, 4.6 mmol of PbBr,, and 460 uL of n-
hexylamine in 20 mL of DMF) into oleic acid-dissolved toluene with
vigorous stirring. After they were baked at 90 °C for 10 min, they were
transferred to the vacuum chamber. Then, TPBI (50 nm), LiF (1 nm),
and Al (100 nm) were thermally deposited sequentially in a high
vacuum (<107 Torr) at rates of 1, 0.1, and 3 A/s, respectively.

LED Characterization. The current—voltage luminance of the
LEDs with a pixel area of 4 mm?* was measured using a Keithley 2400
source meter and a Minolta CS2000 spectroradiometer.

Time-Correlated Single Photon Counting Measurement. A
picosecond-pulse laser head (LDH-P-C-40SB, PicoQuant) with a 405
nm excitation wavelength, ~150 fs pulse width, and 40 MHz repetition
rate was used as an excitation source. The PL emission was spectrally
resolved by using a monochromator (SP-215S, Acton). A TCSPC
module (PicoHarp, PicoQuant) with an MCP-PMT (R3809U-50,
Hamamatsu) was used for ultrafast detection.

Photoluminescence and Photoluminescence Quantum
Efficiency Measurement. PL spectra and matrix were measured
using a JASCO FP8500 spectrofluorometer. PLQEs of perovskite NP
solutions were measured using the same spectrofluorometer equipped
with a 100 mm integrating sphere (ILF-835) and calculated by Jasco
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SpectraManager II software. PLQEs of perovskite NC films were
measured using a 407 nm blue diode laser with an excitation power of
~15 mW as an excitation source and Andor iDus DU490A InGaAs as
a detector.

Transmission Electron Microscopy Measurement. Perovskite
NP solutions in toluene were dropped on the carbon-coated copper
mesh grids (CF200-Cu), which were purchased from Electron
Microscopy Sciences. The transmission electron microscopy experi-
ment was performed using a JEOL-JEM 2100F operating at an
acceleration voltage of 200 kV.
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