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Abstract: Lead halide perovskite luminescent materials have attracted much attention due to their unique optoelec-
tronic advantages such as high fluorescence quantum yield, narrow emission spectrum, and adjustable emission
wavelength. However, the toxicity of metal lead and the stability of perovskite are the problems that need to be solved
in the practical application in the field of flat-panel display and solid-state lighting in the future. Therefore, it is an
imperative trend to explore more green and environment-friendly lead-free metal halide perovskite luminescent materi-
als with the same optoelectronic properties as lead-based counterparts. In recent years, significant progress has been
made in the research of lead-free metal halide perovskite variant (LFMHPV) luminescent materials. In this review,
the crystal structure, preparation methods and luminescent mechanism of LFMHPVs are summarized. The factors af-
fecting the photoelectric properties of these materials are discussed, and their applications in the field of photolumi-
nescence and electroluminescence devices are categorized. Finally, how to further improve the performance of
LFMHPYV luminescent materials is summarized and prospected, which is conceived to provide useful guidelines for

further design and application of novel metal halides with high performance.
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Fig.1 Summary of element candidate in the elemental periodic table for perovskite variants as luminescent material'"’
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Fig.2 Crystal structures of lead-based and lead-free perovskites. (a)Cubic crystal structure, anion exchange, and phase transi-

tion of perovskites ™. (b)Crystal structures of double perovskite(top) and perovskite variants(bottom )",
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Tab. 1  Optical properties and synthesis methods of lead-free halide perovskites( VSA : vapor saturation antisolvent; ASRP: an-

tisolvent reprecipitation; LARP: ligand-assisted reprecipitation; SE: slow evaporation; HI: hot injection; ST: solvo-

thermal; HTSR: high temperature solid-state reaction; Co-Evap: co-evaporation)

s Abs/nm PL/nm PLQY/% FWHM/nm G Tk Ref
Cs,Sh,Br, — 409 49.3 40 LARP [22]
Cs,Sh,Br, 368 409 51.2 — ASRP [22]

CsCu,, 375 568 15.7 75 VSA [23]
[N(C,H,),],Cu,Br, — 463 97.08 90 SE [25]
Cs,AgBiBr, 440 465 0.7 82 LARP (28]
Cs,AgBiCl, — 395 6.7 68 ASRP [28]
Cs,AgBiBr, — 465 0.7 82 ASRP [28]
Cs,AgBil, — 575 <0.1 69 ASRP (28]
Cs,Bi,Cl, — 393 26. 4 59 LARP [30]
Cs,Bi,Br, — 410 19.4 48 LARP [30]
Cs,Bi,], — 545 0.018 70 LARP [30]
Cs,Ag, [Na, ,InCl :0. 04Bi — 565 86+5 — ST [33]
Cs,Cu, — 445 91.2 ~100 VSA [57]
CLl-MA,Bi,Br, 375 422 54.1 41 LARP (73]
FA,Bi,Br, 378 436 22 12 LARP [75]

MA Bi,Cl, — 360 15 50 LARP [79]

MA ,Bi,Br, 376 423 12 62 LARP [79]
MA,Bil, — 540 0.03 91 LARP [79]
Cs,AgInCL 0. 9% Mn — 630 3-5 — ST [81]
Cs,AgInCl, 350 560 ~1.6x1 — HI [82]
Cs,AgInCl, - Mn 350 620 ~16 = 4 — HI [82]
Cs,Agln, ,Bi, ,Cl, 372 395/570 36.6 — HI [83]
Cs,AgInCl: Bi 368 580 11.4 — HI (84]
Cs,AgInCl : Yb/Er — 996/1 537 — — HI [85]
Cs,HIC,: Bi — 461 69. 08 64 ASRP [86]
Cs,ZrCl — 449 60. 37 119 HI [87]
Cs,ZrCL: Bi — 457 — 76 HI [87]
Cs,ZrCl, — 450 — — HI [88]
Cs,ZrBr, — 528 45 — HI [88]
Cs,8b,Cl, — 370 11 52 LARP [89]
Cs,Sb,Br, — 410 46 41 LARP [89]
Cs,Sh,1, — 560 23 56 LARP [89]
Cs,In,Cl, — 430 26.3 118 HI [90]
CsCu,Cl, — 527 48 102 HTSR [91]




1350 koot o M %44 %
®1(%)

H Abs/nm PL/nm PLQY/% FWHM/nm BT Ref
CsCu,Br, — 533 18.3 106 HTSR [91]
CsCu,l, — 576 3.23 126 HTSR [91]
Cs,Cu,Cl, — 512 ~100 97 HI [92]
Cs,Cu,Br, — 471 35.41 73 HI [92]
Cs,Cu, — 441 ~100 94 HI [92]
CsCu,l, — 556 17 100 HI [92]
Cs,Cu, — 440 96. 6 — HI [93]
CsEuCl, — 435 5.7 19 HI [94]
CsEuBr, — 448 69 30 Co-Evap [95]
Cs,Snl, — 620 <0.48 49 HI [96]
Cs,SnCl,: Bi — 455 78.9 66 ST [97]
Cs,Bi,Br, — 460 4.5 45 LARP [98]
FA Bi,Br, 404 437 52 65 LARP [99]
Cs,AgBiCl,: Mn — 600 <1 — ASRP [100]
Cs,Ag, ,,Na, In, 4 Bi, ,,Cl, — 557 64 153 HI [101]
Cs,NalnCL: Ag 269 535 31.1 — ASRP [102]
CsCu,l, 330 553 5 — HI [103]
Cs,Cu,l; 285 441 67 — HI [103]
Cs,Cu,Br, 277 454 18.3 82 HI [103]
Cs,Cu,l, 285 445 29.2 — HI [104]
Cs,Cu,Br, 269 461 16.9 — HI [104]
Cs,Cu,Cl, 259 527 48.7 — HI [104]
Cs,Inl, — 535 16 87 LARP [105]
Cs,InCl, — 397 24 98 LARP [105]
Cs,InBr, — 440 46 80 LARP [105]
Cs,InBr, 375 450 12.6 100 HI [106]
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BE S TE 340 nm SR R (9 PLOGIE ™ 5 (d) IE £04F LED R4S OEIE "5 () pe-LED £ A i) T AF B T & 41 05 0ot Al
SWIR F 3 (9635 0 A1 5 (6) In™ /B H B AS R Bif 17 Bt 28 780 25 4l K AH W B9 PLQY 78 B 1T 5 () J2 AR AU BB (BA) 4 A g-
BiBr (1 5L 5 45 K 7R 25 1125 (h) (BA ) ,AgBiBry 75 2.5 GPa i 149 W W O 21 €8,) 1 2 5 (i €)1,

(a) Crystal structure of halide double perovskites ™. (b) The band structure and bandgap of Cs,AgInCl""*". (¢)PL spec-

81

tra of Mn> doped Cs,AgInClg samples with different contents under 340 nm excitation™’. (d) Emission spectrum of the

NIR LED""'™. (e)Spectral profile of the visible light and SWIR radiation emitted by pc-LED at different operating voltag-

[119
es

(g) Single-crystal structures of the layered double perovskites (BA),AgBiBry

(blue) spectra for (BA),AgBiBrg at 2.5 GPa "'
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', (f) Schematic representation of the change of bandgap type with different In*"/Bi’* ratio and corresponding PLQY.
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". (h) Absorption (pink) and emission
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Fig.5 (a)Crystal structures of A,B( IV )X, (b) Excitation and emission spectra of Cs,SnBrs. (¢)Schematic diagram of lumi-
nescence mechanism of Cs,SnBry defect state''”’. (d)PL spectra of Cs,Sn,_ Mn,,Clg(6%Mn)"'**". (e)Excitation and emis-
sion spectra of Cs,HfClg and Cs,HfClg: Bi**"™!. () Excitation and emission spectra of Cs,ZrX,(X=Cl, Br)™. (g) Excita-

tion and emission spectra of Cs,ZrClg: Bi"*".
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Fig.6

of Cs;BiXy (X = Cl, Br, I, from bottom to top). (f) Absorption spectrum and PL spectrum of Cs;Bi,X ™"

structure formation of Cs;Sh,l,

(a) Structure diagram of MA;Bi,Bry. (b) XRF results of MA;Bi,Br, NCs 7,
MA;Bi,Bry NCs. (d) Photographs of NCs solution excited by MA;Bi,Br, with different Cl content'

(c) Schematic diagram of Cl passivation
1 (e) Crystal structure

. (g) Crystal

0 (h) Crystal structure formation of Cs;ShyBry. (i) Absorption spectra and PL spectra of

Cs;Sh,X, ™. (j) Crystal structure formation of Cs;In,Cly. (k) Absorption spectra and PL spectra of Cs;In,Cly"™"
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B(1) R Cu &L 4K AB (1), X5 F1 A;B(1),X;
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Fig.7

(a) Crystal structure of CsCu,I;*'. (b)Schematic diagram of luminescence mechanism of Cs;Cu,X5 defect state ™. (¢)

The EX and PL spectra of CsCu,l; """, (d) Diagram of crystal structure of Cs;Cu,Xs. (e) Absorption and emission spectra

of Cs;Cu,X5 ', (f)Quantitative PL spectra collected with integrating sphere for PLQY calculation of Cs;Cu,ls .
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Fig.8 Synthesis scheme and XRD pattern(a) , TEM image(b) , absorption and PL spectra(c) of CsEuCl;"*. Synthesis scheme
(d), PL spectra(e) and XRD pattern(f) of CsEuBr; ™. (g) Synthesis of Cs,ZnCl,, Cu: Cs,ZnCl; CQDs and their crystal

structures. (h) Calculate the electronic structures at the ' point of the 2X2x2 unit cells of Cs,ZnCl,, Cs,ZnCly: Cu(1Il),

and Cs,ZnCl,: Cu(1)",
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Fig.9 CIE diagram(a) and luminescence spectra(b) of Cs,NaInClg: Sh based UV-WLED"™*. Luminescent spectra(c) and CIE
color coordinates (d) of Cs,SnClg: 2.75%Bi based UV-WLEDs"”. EL spectra(e) and CIE color coordinates (f) of UV-

WLED prepared by combining blue emission Cs;Bi,Bry quantum dots and yellow emission rare earth phosphor YAG™".

Emission spectra(g) and CIE color coordinates(h) of mixing Cs;Cu,ls NCs and CsCu,l; NCs coated on the UV (310 nm)

LED"™*.
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Tab.2 UV-WLEDs based on lead-free metal halide perovskite variants

K K PR LE CCT/K CIE (x, y) CRI PL/nm Ref
Ot Y,AL0,,(YAG)
Cs,Bi,Br, QDs 26 GaN 8477.1 (0.29, 0.30) — 350~650  [30]
R 365 nm UV i A
Cs,SnCl 1 Bi Cs,SnCl:Sh 74 1 365 nm UV 4888 (0.35,0.34) 72.6 425~800  [130]
CaAlSiN,:Eu™
Cs,HICI,: 7%Bi (Ba,Sr),Si0,: Eu™ 5315 (0.34, 0.34) 92.5 — [86]
1 365 nm UV i A
Cs,Bi,Br,/BiOBr (Ba, S0),8i0, :Eu” — (0.32, 0.33) — 350~700  [132]
B H 365 nm UV i
Cs,Cu, I CsCu,l, FJHI310 nm UV A 6053 (0.32,0.34) 91 350~700  [92]
Ba,Sr,Si0,: Eu™
Cs,SnCl:2. 75%Bi GaAlSiN,: Eu™* 4486 (0.36, 0.37) — 400~700  [97]
T 365 nm UV ith
Sr,SiN: Eu®
Cs,NaInCl:Sb B-SiAlON:Eu™ 3972.6 (0.39, 0. 40) — 400~750 [ 148]

B 370 nm UV 85

5.2 EBHLED

HLE LED #5040 B3 RO R0R & I RE /N SR
Mo SLAAY FL B LED SRR B R G2 (EL) (28 X
1% %y )22 (HTL) Al HL 7 4% % )2 (ETL) | E 5 A% .
HL B0 LED #8419 T4 s 3= 76 5 Jinfm T, 48 9¢
HUHL T3 9058 5 HTL M ETL A KOG )2 i 5T 2
KRG, MR ELED B EE SR k5
W (EL) (52 B CIE A b3 b it 730 (EQE) i 5%

HLHE (V,,) FE M . EL 2R 78 B SO OB I 8544
TR AN TR AL 19 A S 0 S 0 B o 5 R i IR L
T AL i, B0 R ed/m®s EQE AR & 1 7= 4
AL T BB S B 2 B TR e b, R
W1 i A DRI R KOO R AR AR
PR, BE A A8 R oV, AT AR BL SR 1F ( fiE
FERIAR, V., B, 25 PR RO REFERLAR . F AT, LFMHPs
VE R B G IEAE B LED g R I RGE #4046 330

R3 ALY EBRYT BB AL LED

Tab. 3 Electroluminescent LEDs based on lead-free halide perovskite variants

EL/ L,/

JOGM KL w45t EQE, /%  TREM . Ref

nm ( cd-m )
Cs,Sh, 1, ITO/PEDOT: PSS/Cs,Sh, 1 /TPBi/LiF/Al — 107 — — [21]
Cs,8b,Br, NCs  ITO/ZnO/PEI/Cs,Sh,Br,/TCTA/Mo0 /Al 408 ~0.206 — 20~30 (22]
CsCu,l, ITO/PEDOT: PSS/PolyTPD/PVK/CsCu,I/TCTA/MoO /Au 568 1.35 Ty=14.6h 357.8 [24]
[N(C,H,),],Cu,Br, ITO/PEDOT:PSS/TEA,Cu,Br /TPBi/LiF/Al 463 0.11 — 85 [25]
CsEuBr, ITO/LiF/CsEuBr/LiF/TPBI/LiF/Alt 448 6.5 T4,=50 min 15.9 [95]
Cs,Agln, Bi, \Cl,  ITO/PVK/Cs,Agln, ,Bi, ,Cl/TPBi/LiF/Al — 0.08  T,=48.53 min 158 [149]
Cs,Cu,1 AVLiF/TPBi/Cs,Cu,I/NiO/ITO 445 1.12 T,=108 h 263.2 [150]
CsCu,l, ITO/PEDOT: PSS/Poly-TPD/CsCu,I,/TPBi/LiF/Al 550 0.17 Ty=5.2h 41.5 [151]
CsCu,l, ITO/PEDOT: PSS/TAPC/TCTA/CsCu,L/TmPyPB/LIF/Al 568 7.4 7,,=20h 100 [152]

Tso: 7625 'CF ,LEDs (2F 285 750 AR 52K 100 ed/m® 5 04T 44 B 1] 4<%
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Device structure(a) and CIE coordinates(b) of Cs,AglngoBiy;Cls QDs based electroluminescence light-emitting diode™”.

Energy level alignment(c) and current density-voltage-luminance curves (d) of CsEuBr; based LEDs"®. Energy levels

alignment(e) and current density-voltage-luminance curves(f) of Cs;Sh,Bry based LEDs™”. (g) Dependence of EQE of the
device on bias voltage'™”. (h)EL spectra of the pristine and PVK-modified CsCu,I; LEDs operated at 6.0 V¥
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