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Abstract: Recently perovskite materials with much cheaper cost and marvellous optoelectronic properties have been
studied for
CsPbX;3(X=halogen) based LEDs (PeLEDs) with assumed high stability were investigated on literature worldwide. It

was found that syntheses methods of these nanocrystals (NCs, mainly quantum dots, QDs) made great progress. A

next generation LED display devices overseas. Technology development trends of inorganic

new room temperature synthesis method showed outstanding PL (photoluminescence) properties such as high quantum
yield (QY), narrow emission width, storage stability comparable with, or often exceeding those of conventional hot

injection method and CdSe@ZnS type inorganic colloidal QDs. PeLEDs with shell layers might be more promising,

indicating urgent real research start of this solution processing technology for small businesses in Korea.
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Fig. 1. ABX; perovskite structure. (a) BXg octahedral [13] and
(b) corner-shared BXs octahedra with the B cation where A
(blue) is usually an organic MA (e.g. CH3;NH;") or alkali
metal (e.g. Cs") cation, the B cation (red) is usually Pb** or
Sn*, and the anion X (yellow) is a halogen ion (Cl, Br, I or

mixtures thereof) [14].
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Fig. 2. Illustration of the perovskite structure based on corner
sharing octahedra of BXs with either a monovalent metal
(inorganic) or charged molecule (hybrid) at the centre of the
unit cell. For hybrids, there is an orientation dependence on

the central cation [10].
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Fig. 3. Thermogravimetric analyses of methylammonium

bromide (MABr), methylammonium lead bromide (MAPbBr3;),
lead bromide (PbBr), cesium lead bromide (CsPbBr;) and
cesium bromide (CsBr), showing the higher thermal stability of
the inorganic perovskite compared to the hybrid organic—
inorganic perovskite [12].
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Fig. 4. Current density measured at an applied bias close to
initial maximum power point versus time under 100 mW/cm’
AMLS illumination for MAPbBr;- and CsPbBrs-based cells [12].
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Fig. 5. Device architecture of a PeLED where EIL stands for
EML: HIL: hole
injection layer, ITO: indium tin oxide [8].
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Fig. 6. CsPbX; NCs and their structural

characterization. (a) Schematic of the cubic perovskite lattice,
(b) and (c) typical TEM images of CsPbBr; NCs [15].
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Table 1. The synthesis evolution of cesium lead halides NCs for PeLEDs.

Hot injection method (HI)

Room temperature method

Author L. Protesescu J. Song X. Li S. Sun
Reference No. [15] (2015) [16] (2015) [22] (2016) [21] (2016)
Feature lonif: chemic'al The first report RT SR Ligand-mediated shaped
bonding reaction of CsPbX; QD PeNC (RT RP)
Precursors Cesium source Cs-oleate Cs-stearate CsX Cs-oleate
Lead source PbX, PbBr, PbX, PbX,
Surfactants and Ligands OAm OAm OAm Utilized
ligands Organic acids OA: OAm (1:1) OA OA Utilized
Polar solvents DMF (good solvent) Utilized
Tol Tol h
Solvents Nonpolar solvents ODE Toluene oluene oluene, hexane
(bad solvent) (bad solvents)
Reaction 140 — 200 170 RT (<30) RT (25)
Reaction temperature (C) (size increase) (140, 155, 170, 185) in one pot
diti Atmosphere Inert gas Inert gas Ambient Ambient
conditions . . Instantly Instantly
Reaction time ~3s A few s . ..
recrystallized reprecipitated
Cubic (if highest temp. . . Shape Orga.lmc acid/
Cubic, Cubic phase, ligands
Crystal shape phase and for CsPbl; di oD QD singl tal Hexane/
. monodisperse single crysta
higher than 315C) P & Y Sphere .
octylamine
. 1 side of cubic 4~15, Average diameter Average =11 2D OA/
Products Crystal size (nm) . .
CsPbl;:100~200 (>305C) 8 (CsPbBr; QD) (4 colors) NPL octylamine
Col (See Fig. 2) Colors, 4 colors, Nano Acetic/
olors ce g & BGY RGBY rod  dodecil amine
Storage Several months > 2 month in PLQY 90 % not Nano OA/
stability (CsPbl; NC) toluene (> CsPbX3) changed after 30 d* cube dodecil amine

DMF: N,N-Dimethylformamide, NPL: nanoplatelet, OA: oleic acid, OAm: oleyl amine, ODE: octadecene, PeNC: perovskite
nanocrystal, PL: photoluminescence, QD: quantum dot, QY: quantum yield, RGBY: red, green, blue, yellow, RT SR: room
temperature supersaturated recrystalization, RP: reprecipitation, and (*) oxygen and humidity was not removed from the

atmosphere.
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Fig. 7. Colloidal perovskite CsPbX; NCs (X=Cl, Br, 1) exhibit
size and composition-tunable bandgap energies covering the
entire visible spectral region with narrow and bright emission.
(a) Colloidal solutions in toluene under UV lamp (A=365 nm)
and (b) representative PL spectra (Aexc=400 nm for all but 350
nm for CsPbCl; samples) [15].
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process, which enables simultaneous purification and film
fabrication using crude solutions of as-synthesized CsPbX;
(b) Field Effect-SEM and AFM

centrifugally cast film of CsPbBr; nanocrystals[15].
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Fig. 9. (a) [Illustration of the droplet-based microfluidic

platform integrated with online absorbance and fluorescence
detection for the synthesis and real time characterization of
CsPbX; perovskite NCs. The platform allows for precise tuning
of the chemical payload of formed droplets by continuously
varying the ratio between the lead and cesium sources (R;)
and the ratio between halides (R,). Typical flow rates for the
carrier phase were 10-500 and 0.1-350 pL min~' for the
dispersed phase. (b) Image of the generated droplets after
exiting the heating zone taken under UV excitation showing
bright PL of CsPbX; NCs. (c) Online fluorescence spectra of
CsPbX3; NCs spanning the whole visible spectral region with
narrow emission linewidths [19].

Bl A% 542 FAstdid, NC Evo] 22y
UuE BEsE So oo Bl yHS WA 5
o A BE ul/HIG0) AY PHol BEE
ge wag gRjez AA Ao 239 Jof 22
AHOA)Z 2202 of2(0Am)S A 71gto=H of2
o9 AR AR AME NCo| 22olE oy
Yit PLS BEY & 982 wARY



742 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 29, No. 12, pp. 737-749, December 2016: S.-H. Pyun

@

PL (a.u.)

40 00 600 700 800 0 2 4 6 8 10 1
Wavelength (nm) Reaction time (s)

Fig. 10. Tuning of the emission characteristics of CsPbX;
perovskite NCs by a systematic variation of the reaction
CsPbl;: Temporal evolution
(b) fwhm, and (c) PL
maximum wavelength at a constant operating temperature of
180°C and R; = 4.7. The red shift in the CsPbl; band edge

emission is between 610 and 685 nm [19].
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Table 2. Optimized reaction parameters for growing
CsPbX; with narrow PL FWHM over broad range of PL peak

wavelengths from 470 (blue) to 690 (red) [19].

Online
Temp. PL
Type of NC o Ry R, fwhm
() (nm)

(nm)
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CsPb(Br/I);
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CsPbls 150~200  3.2~7.5 38~45 650~690
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Fig. 11. (1) Overall LED
structure. The poly-TPD and NC emitter energy bands were

energy band diagram of the

determined from UPS and optical absorption measurements,
while others were taken from refs [24-26]. (2) PL decay
curves of a CsPbBr; NC film on a poly-TPD/glass substrate,
and as a film on a PFl/poly-TPD/glass substrate [23].
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Fig. 12. (a) Fourier transform infrared (FTIR) spectra PeNCs
and their ligands before and after TMA treatment. (b) Reaction
schematic of the TMA crosslinking process [27].

Table 3. Summary of PeNC LED performance [27].

. Amxr FWHM EQE Lo
Perovskite Color (nm) (nm) @) (cdm?)
CsPbl; Red 698 31 5.7 206
CsPbl,25Brg7s  Orange 619 29 14 1559
CsPbBr3 Green 523 19 0.19 2335
CsPbBr, 5sCl; s Blue 480 17 0.0074 8.7

(*) Wave length at PL peak and (**) maximum intensity of brightness.

N
—_

I
Rl A o

Hl—ﬂ}ig]
[e]

rlr o
ba
El
oo
=)
m\m
_ﬁ
ol'
=2 ot
I )

=
4
o 27171 Oiaﬂn} G Li %g HELO}% CsPbXs
S TMA (trimethyl aluminum)] 7]@7}11% o]
to]l §718ufjo] 28402 ghSo] HILoj| Al -guf
HE &g AMRE £ QA o [27] TMA#

d

=

C

ol
J

L oo
=

PeNCo] A=

2reel v}
20| P2 PeNC U 59
soto] AA-HT 2R
grSo] 439l PLOYE %o
et

PeNCE A2 2] AIZAoIN £2] e BA TMA
5710] 055 Fol 1, FH 7]l wEAAE Tkt FE
sty TMA A2]o]l 9Js CsPbl; ¥ CsPbBrs2] PLQEZ}
Z7131et], CsPbly: 85 %2(H9] 38)) oj/d P&
7F obd NC 4fat & %x]30|c}. CsPbls NCE &4 FA}
BF YAF27] 19 nmeld] ejzico] 2
o9 REEls QRO Yol H5S FYAATL

R

o7
z
oo
o
ol
o
i)
oZ
ox

T;:
a
=

€
oo
5.

(@) b 27
T
- 3F N
—~ o -
) L o X ggm; -
' o 4 2 >aE
LiFIAI 1 > E i &
TPBi T o Sr i
2 sf o
+ S -
PVK 4 0
TF o]
PEDOTPSS - &
ITo
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[16].
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The inset data
indicate that the CsPbBr; nanocrystal-based films preserve their

nanocrystals stored under ambient conditions.

initial PL emission peak over the course of multiple weeks [17].
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Table 4. Parameter comparisons of classical cadmium based
QDs with the new QD system [22].

Parameters CdSe@ZnS CsPbX3 Advantages of IPQD
Color 460~650 nm 405~650 nm Wider
QY RGB 50~90% RGB 70~95% Higher
FWHM 25-35 nm 15~35 nm Narrower
CG >110% >150% Wider
280C 30C
Cost i . Lower
synthesis synthesis

CG: color gamut, RGB: red, green, blue
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