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Fig.1 PL spectral line widths obtained from a representative organic dye Rhodamine 6G, CdSe/CdS-ZnS core/
hybrid-shell NCs, and CsPbBr; NCs(a). Inset: photograph of a green LED obtained after coating an UV-LED with

CsPbBr, NCs. Variation in PL spectra of colloidal CsPhBr, NCs with measurement temperature(b) "’
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Fig.2 The crystal structure(a) "’ and the electronic structures(b) ™" of the all-inorganic halide perovskite CsPbX,
(X =Cl,Br,I)
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Fig.3 Schematic illustration of the reaction system(a,b) ™*'; optical images of CsPbX, QDs under ambient light

and a 365 nm UV lamp and the PL emission specira of CsPbX, QDs(¢) !
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Fig.4 Schematic illustrating the formation process for different CsPbX, (X = Cl, Br,1) nanocrystals mediated by
organic acid and amine ligands at room temperature(a) "’ ; Shape evolution of the as-prepared CsPbBr, nanostructures

synthesized with different reaction times. Scale bar, 100 nm(b) fel
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Fig.5 Schematic illustration of the all-inorganic halide perovskite CsPbX, (X =Cl,Br,I) focusing and de-focusing
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Fig. 6 The PL and absorbance spectra of different size CsPbBry; NCs(a) ; absorption( black line) , PL excitation( green
dash line) , and PL emission(red line) spectra of different sized spherical CsPbBr; quantum dots synthesized at —20,

0, 20, 40, and 60 °C (b) ; Study of the influence of reaction temperature in CsPbBr; colloidal synthesis(c) [7.22]
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982 N AL o 533 %

RS A il N B S DI T LE T T PN | VA AT e 2o 0 4 CsPhBry 40K S TT0TE T R iZWF /N
i FHC RS CsPbBry 24K T 2 UK e , WS LA 66 e e ihi 2 T (9 28 1k o T 8 () J2 T 2 J6e 20 1) 3 ok
12 YCF 3 IR CsPhBry AR SR DOEIETE ol DLW S A 31, A 06 07 B ¥ VR U 34 I i 2145
Xt 3 AFEERBEATLLANIIA (& 8 (b)) , A BUCsPbBry 440K fiy 2 17 Lok A T R /s i A P2
W 5 3 R 1) RS T b | ELRE il 1) A ol JEE O BARG o £ b 7l 01 CsPhBry 49K iy 22 1l 9 7 AL
VAL R )0 AR A 2 P AT AR A2

Larger dipole moment Smaller dipole moment

K7 AR[EBER G CsPhBr 44K G 5>
Fig.7 Effect of polar solvents on crude solutions of as-synthesized CsPbBr; nanocrystals'*”’
The solvents are arranged in order of increasing dipole moment: (1) dimethyl sulfoxide, (2) dimethylformamide, (3 ) acetonitrile,
(4) methanol, (5) acetone, (6) ethyl acetate, (7) tert-butanol, (8) 1-butanol, (9) tetrahydrofuran, (10) isopropyl alcohol,
(11) ethanol, (12)chloroform, and (13) dichloromethane, respectively
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Fig.8 PL spectra of 1-, 2-, and 3-purified CsPbhBr; nanocrystal solutions(a), FTIR spectra and photo images of

CsPbBr, perovskites as a function of the purification steps(b) "’
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Fig.9 Overview of the different routes and precursors for the anion exchange reactions on CsPbX, (X = Cl,Br,T)
NCs(a) ; the left picture is the PL of the exchanged NCs obtained from CsPbBr; by adding (from top to bottom)
OLAM-X, ODA-X, TBA-Cl and PbX, (X =1,Cl) and the right is the PL of the CsPbBr,; NCs obtained starting from
CsPbCl, and CsPbl; NCs using (from top to bottom) ODA-Br, TBA-Br and PbBr, (b); PL spectra of the CsPb
(Br:X),(X=Cl, I) NCs prepared by anion exchange from CsPbBr, NCs(¢) "’
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Fig. 10  Schematic of the anion exchange reactions in CsPbX; NCs!™
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Fig. 12 Schematic energy level diagram of CsPbBr; QD-Benzoquinone and QD-Phenothiazine complexes and possible

charge separation and recombination pathways**’
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Fig. 13 Linear absorption spectrum and one-, two-, and three-photon excited PL spectra from solution of CsPbBr;

nanocrystals. The inset shows the corresponding TEM image; the scale bar is 20 nm(a) ; PL decay traces of CsPbBr,

nanocrystals based on one-, two-, and three-photon excitation. The inset illustrates the whole process of one-, two-,

[33]

and three-photon excited PL for CsPhBr; nanocrystals(b)
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Fig. 14 Ilustration of multilayer perovskite QLED device. The device structure (a) ; Cross-sectional TEM image
showing the multiple layers of material with distinct contrast. Scale bar, 50 nm (b); Flat-band energy level

diagram(c) (4]
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Fig. 15 Device performances. Current density and luminance versus driving voltage characteristics for the QLED
device(a) ; EL spectrum at an applied voltage of 5.5 V and, inset, a photograph of a device with an active area of
2 x2 mm’(bh) ; Current density and external quantum efficiency as a function of luminance for the QLEDs(¢) ; Power

efficiency as a function of luminance for the QLEDs(d)
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Fig. 16  Photographs of QLED devices with the Nanjing University of Science and Technology (NUST) logo(a ~c).
The EL spectra( straight line) of sample shown in (a ~ c¢) under applied voltage of 5.5 V, and the PL spectra
(dashed line) of QDs dispersed in hexane(d). CIE coordinates of the three color QLEDs( circular) compared to the
NTSC color standards ( stars) (e) '+
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Fig. 17 Device structure (a) and cross-sectional SEM image of the CsPbBr; NC LED (b); Overall energy band
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Fig. 18  Schematic of the CsPbl; NCs photodetector (L =3 mm, W =7800 mm) (a). I-V characteristics of close-
packed CsPbl; NC films as a function of incident light intensity (b). Dependence of the photocurrent on the light
intensity at different applied bias(c¢). Absorption and spectral dependence of the photocurrent measured at 1 V bias
(d). Photocurrent time(/,,,-t) response measured in the dark and under illumination using a laser diode at 405 nm as

a function of applied bias at a fixed light intensity( P, =1.98 mW/em”) (e). Rise and decay time of the photodetector

device (f) [
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Fig. 19 Device structure shown in schematic(a) and cross-sectional SEM(b). Top-down SEM shows pin-holes on

the device surface as large as 100 nm(c¢). The schematic of the color change in CsPb(Br 1, _ ), for x increasing from

x=0tox=1(d)™
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Fig.20  Absorption spectra for CsPbBrl, (a) and (MA)PbL, (b) after heating at 180 °C showing that the absorption

onset for CsPbBrl, is stable on a time scale where the optical properties of ( MA)Pb, degrade "’
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Fig.21  Pump intensity-dependent PL spectra from thin film of CsPbBr;IPQDs. The inset shows the stripe pumping
configuration used in this measurement ( excitation beam (EB) , cylindrical lens (CL), collection lens set( CLS) ,
charged coupled device(CCD) ) (a); The FWHM of the PL spectra( solid circles) shows abrupt narrowing and the
spectrally integrated PL intensity of the sharp peak ( solid squares) exhibits a threshold behavior with respect to pump
intensity. The spontaneous emission peak ( hollow squares ) experiences saturation as the pump intensity
increases(b) ; Plot of stimulated emission peak intensity as a function of laser shot. The inset shows the PL

spectrum at beginning(¢) '
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Fig.22  Dark-field image of a CsPbBr; nanowire (a); The nanowire from a under excitation from a femtosecond

pulsed laser with increasing excitation fluence(b ~d) (Scale bar, 2 pm) (16]
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Synthesis, Properties and Applications of Inorganic
Halide Perovskite Nanocrystals

LOU Sunqi, XUAN Tongtong, YU Caiyan, LI Huili
( Engineering Research Center for Nanophotonics & Advanced Instrument ,Ministry of Education,
School of Physics and Material Science ,East China Normal University ,Shanghai 200062 , China )

Abstract Inorganic halide perovskite CsPbX, (X = Cl,Br,1) nanocrystals( NCs) have been received much
concern because it owns many excellent optical properties, such as high quantum yield ( ~90% ), the
emission wavelength covering the entire visible light region (400 ~700 nm) , and the narrow full width at half
maximum (12 ~42 nm). These advantages make it becomes one of the luminescence materials which have the
most potential applications. Therefore, in recent years, reports involving inorganic halide perovskite materials
become more and more. In this review, the development history, the synthetic routes, structures, growth
mechanisms, and applications of inorganic halide perovskite NCs that make them excellent optoelectronic
materials for various strategies are mainly discussed and highlighted. The existing problems of inorganic halide
perovskite luminescence materials under the current research backgrounds are summarized. Finally,
perspectives on future exploration of inorganic halide perovskite NCs for photoelectric devices are also given.

Keywords Inorganic halide perovskite; CsPbX, (X = Cl, Br, I) ; photoluminescent materials ; nanocrystals ;

photoelectric devices
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