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Table 1 Inorganic CsPbX; perovskite nanocrystals doped with different transition metal ions

Tonic
Ion . Precursors
radius/nm

. Doping Emission peak/ PLQY/
Synthetic method Ref.
amount nm %

Mn** 0.097

Cs,CO3, PbBr,, MnCl,, TOP, OA, OLA, ODE

Solvothermal 0-1.5% 466470 28.0 [47]

NiZt 0.069 CsBr, PbBr,, NiBr,'xH,0, DMF, C;Hg Recrystallization 0-2.5% 500-560 89.0 [75]
Cu’ 0.077 CsBr, PbBr,, CuBr, DMF, C;Hg, OA, OLA Recrystallization 0-0.8% 390-590 28.0 [79]
Cu** 0.073 CsBr, PbBr,, CuBr,, DMF, TMOS, C¢HsCH3;, OA, OLA Recrystallization 0-1.7% 480-540 80.0 [80]
Zn** 0.074 Cs,COs, PbBr,, ZnBr,, EAC, CYH, OA, OLA, ODE Hot injection 500-550 91.3 [91]
Co** 0.065 CsCO;3, PbBr,, Co(AC),, C3HeO,, PEDOT, PSS, OA, OLA, ODE Hot injection 0-7.0% 520-560 89.0 [98]
crt 0.062 CsBr, PbBr,, CrCls, DMF, C;Hg, CsH 4, OA, OLA Recrystallization 0-0.7% 427-476 [99]
Fe?* 0.061 Cs,COs, PbCly, FeCl,, TOP, OA, OLA, ODE Hot injection 0-0.3% 390-415 6.2 [106]
Fe** 0.055 Cs,COs, PbCly, FeCls, TOP, OA, OLA, ODE Hot injection 400410 43 [104]

PLQY is photoluminescence quantum yield.

Fe HI Fe* $5 4% #5 T LU T2 1 CsPbXs 44K &
Mok fE. Fe Rtthsk FREFEMLSESE LR,
Fe*'/Fe’ 5 44k i i A AR, IR B R4
(1 S B M FIRG S PE RS . Rana 25U & 7 Fe¥™ 544
CsPbCly Z4K i, Fe' (B2 ff 5 PLQY M 1.85%32
3 4.32%, Wit AF CsPbCL F5ELH 9K i v Fe'™™
(1195 22 R FEE , T LA 5% 1) 5 s it P R B 11 AR A
Hu 2V BLE B 1 Fe® B AU R T 455k0 44
KR SF R A, TR T AR 9K A
PLQY (4.4%3 5% 6.2%)F1°F1 PL %7(0.91 ns &
K # 14.61 ns). XZEF NBEE Fe™ 544, 5T 4
oK TSR B S FD AR AR S B AR /S, AT S B
PLQY & PL Zandest; (Hid BB I IR 94
Kem B ARAS S5 K, S8 PLQY M1 PL i A1
BRAh, MIRIHEAR A SR Fe e RE 8 g & 4=
\E’M’E’T’t[l%] s

3 WEABEETHAE CsPbX; HKH
T O BATUE B A

3.1 LED FRERSUE N A

AR, CsPbX; &AL ERH™9H oK & R i A
ik« PLQY f{H. (a4lfE LR R B i al il <
SEMERET 51 T RMIE TAE# I 2 % . SR, Pb
R—FREICR, FRPUR MR E R ZE, ik
S0 7 Pb ZEESERA GRS AR T ATk 1) B - 7R85
KT 9K b 45 20t U 4 R B T DA 4 Pb
TR, MG RUR R BRI, [N, 3445 hal
Kl R IR T, T 40K B A B 0 S
Hou %PHRIE T Mn™ #2480 0.19%M, CsPbX;
K S HI% ) LED 2R 111 cd/m® N %)
245 cd/m’; Pan ZEMIEH] 7 Ni* #5441 CsPbCl,Brs .,
FEERT 9K 45 T 470 nm G R 6 LED, #
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KRELEEA 612 cd/m?; Cao 2 S i v K V275 Bl
EB AR T Zn* B 441 CsPbBrs; £5EKH 4K
A, 7E 460 nm BE60 A BOE R, SRATZAK &
WIS RIZL 52968 CaAlSiNs:Eu> 1E it e 2 ]
2 A6 & (WLED) 28 4 1 K 6 20 R (LE) N
70.1 Im/W, ZEFEE(CR)A 76, MRS CsPbBr3

(] LE=26.1 Im/W, CRI=70. Chen 28R zn®*'#5
2% (1) CsPbBr; £ £ 4K i A Mn® 5 2% (141 €8 %
I KoSiFe 706K 56 Fr 42 s WLED 281,
LE 4 36 Im/W, {aJE(CIE)X4 %5 4(0.33,0.34), ik
(CCT)N 5760 Ko 2 M4E T ESREE T35
Z4 CsPbX; 4K i 2t LED HItERES L.

*2 WELEBBETES CPbX; HKRE LED BEAKLE A
Table 2 Photoelectric performance of transition metal ion doped CsPbX; nanocrystally based LED lighting

Element ion Molar fraction/% CIE LE/(ImW ") CRI CCT/K Ref.
Mn** 0.19 (0.32,0.34) 107.0 84.4 5903 [50]
Zn** 11.30 (0.32,0.33) 70.1 76.0 5760 [88]
cr*t 1.00 (0.31,0.39) 88.0 6000 [102]

CIE is chrominance. LE is luminous efficiency. CRI is color rendering index. CCT is correlated color temperature.

3.2 KPHBEER M A

BTN 90K B RS, AR
A2 f] B 3, RMTE YR R B T2 i
R RSB 9K A B R B ) Pb TTERAR R
s R BAR =l 1 R R 18 V) 5 PR R AR B e 4
THVEER 99K o B 5 N85 EEAT K FH B HLit(PSC)
M TAEEE . Bl 5 AT, SR LodEE i 5
R IR BIAASERE 2, BERT AE RSO £ A
LRI C, il AR E(ETL)E i, 2K
WS S EEHTL) A, R B2 /g
B, T HIEEELE AR IR, B AEZE T
HIEAE S Ot B ot 12107 PSC A 2 B,
B FLEE R AP T S R 4h S50 . A FLEE M B &R 4
WHEI R, EER AAE S E A, I AE A E]
BEJZ, B 12 SR e T AR AU, P i R
SERIRT 53 N n-ip IE M Z5HIFT p—in [ IR E544), @5
2428 Po> R B T &, AT LAY PSC MIAER4Y
R ROERE R FIE S, fiHR & PSC 1k
H i b el ),

Sun 28 1 5] N K BE R G A+ gk
FEAEA R T M™% CsPbCly £55KH 402K
fm, PLQY =ik 91%, nI LLAAERE K BHBE HLt(SSC)
M FRER LA, B2 %0 % (PCE) A
19.64%32 %1 20.65%. Gong U HH T Ni* Al Ll
BIALESERE B EE, BT NiCly F Pbly 2 (B
RRPEARE, IR0 Ni*TRT LA A2 2 4L PoL, B, 38T LA
A %t BliAk P, 9 Sz S A Pb (1 4 o Ni™*
BAEN 3%IIESERE R BH A8 HLth ¥ PL 5y A\ 285
ns ¥ 732 ns, PCE A% 20.61%. Khan 2"
FIFH MnClL 1 ZnCL AT A AR, —FiEdAK
2B F] CsPbLBr S HIFLERH, SEGIKE T

A% 52 B FRAR T AR KRR, B T R
MITES, BEAK T ARk B 40H] T 8RR TSR A .
H5RBARM B, PCE M 13.47% 4% & 5
14.15%. Song ZPVEIL Cu® X AT LR AT £k A
0K T TR A AR I (356 K BRI % 333 K), 3B H] LA
i AR 9K R TR R, 24 Cu” B EN
0.1%(BE/R 73 BOBS, #84Fi21T 170 h J5 PCE X #ik
o

2%,
FTO is SnO,:F glass.

Bl s A5ERAT A BH A H I AR R
Fig. 5 Working principle of perovskite solar cells
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m-TiO,/¢c-TiO,
FTO
Glass

[111]
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Extended Abstract

All inorganic perovskite nanocrystals of CsPbX; (X=Cl, Br, I) have superior properties such as high fluorescence quantum yield,
narrow half-peak width and easy adjustment of emission wavelength, etc., which have wide application prospects in light-emitting
diodes, solar cells and photodetectors. However, CsPbX; nanocrystals have a poor stability under light, moisture and heating
conditions due to their ionic properties, restricting their practical application. Metal ion doping can affect the electronic band structure
of CsPbX; nanocrystals, thus effectively improving their photoluminescence properties. The doped metal ions can be divided into
main group metal ion, rare-earth metal ion and transition metal ion. Transition metal ion has a lower price, and it can efficiently
improve the stability of perovskite nanocrystals. This review represented recent work on the effect of transition metal ions (i.e., Mn*",
Ni**, Cu?*, Zn*', etc.) doping on the properties of perovskite nanocrystals. In addition, the challenges in the development of doped
all-inorganic perovskite nanocrystals were analyzed, and the future development direction was also prospected.

Transition metal ion doping CsPbXj; nanocrystals (NCs) are explored extensively. Mn>* doping can improve the formation
energy of CsPbX; NCs with a high stability. Mn?" doping exists in wide-band-gap perovskite hosts where the excitation energy is
transferred to Mn d-state, resulting in short-range tunable yellow-orange d—d emissions. Low concentration Mn>* doping is beneficial
to enhancing the exciton emission, and the Mn?*-doping sample has a long PL lifetime. Ni** doping can eliminate the structural
defects of CsPbX; NCs, resulting in the improvement of the lattice order. Compared with the undoped sample, doping Ni** also
induces the formation energy of CsPbX; NCs and triggers the phase transition of CsPbBr; from orthorhombic to cubic, which is
attributed to the lattice strain due to the size mismatch of Ni** and Pb**. Ni*" doping reduces the non-radiative recombination
efficiency and increases the fluorescence intensity of the CsPbX; NCs. Cu”" doping sample maintains a cubic crystal structure of the
initial phase. When Cu®" with the smaller radius (i.e., 0.72 A) replaces Pb*" ion with the larger radius (i.e., 1.19 A), the shrinkage of
lattice contraction regulates the tolerance factor of the [PbBrg]*~ octahedron, and increases the lattice formation energy, resulting in
high stability and fluorescence intensity of NCs. Compared with Pb>" (i.e., 1.19 A), Zn>" has smaller ion radius (i.e., 0.74 A) and a
lower toxicity. The introduction of Zn®" can effectively passivate the surface and internal defects of CsPbX; NCs. Doping Co®* can
increase the formation energy, improve the short-range order of the lattice, and enhance the different monochromatic band edge
emission without introducing new composite channels. Doping Cr’* can regulate the structure and the optical properties of NCs.
Doping Fe?'/Fe** has some advantages like low cost, high electrical conductivity and magnetic properties. Moreover, an appropriate
amount of Fe?* doping improves the size uniformity of CsPbX; NCs, as well as increases the PLQY and the average PL lifetime due
to the decrease of the defect state and nonradiation recombination of NCs. Furthermore, the application of transition metal ion doped
CsPbX; NCs in white light-emitting diode (WLED), solar cells and laser devices was outlined. The employment of doping transition
metal ions into perovskites can improve the optical properties and stability, which energetically facilitate their applications. Finally,
the main future research directions of transition metal ion doped CsPbX; NCs were concluded.

Summary and prospects Transition metal doping can promote the radiative recombination of excitons, and the defect formation
energies of V¢, Vg, and Vpy, are effectively improved, resulting in an improvement of the luminescence performance of CsPbX; NCs.
However, some problems need to be solved in the future. The PL linewidth of nanocrystals for the application of bioluminescence
imaging and LED fields needs to be reduced. The external quantum efficiency (EQE) and luminous efficacy (LE) of transition metal
doped CsPbX3 NCs still need to be improved, compared to that of Cd-based QDs. Finally, there are still potential risks associated with
the reaction, and the PLQY still needs to be further improved. The investigation of transition metal ion doping all-inorganic CsPbXj3
NCs has a profound impact on the scientific research and commercial applications of fluorescent materials.

Keywords all-inorganic perovskite; nanocrystals; ion doping; transition metals; stability



