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Fig. 2. (a) Schematic illustration of the fabrication process for 2D tin-based perovskite thin films by solution method”; (b) schem-

atic illustration of the Cs,SnClg NC formation and Mn?* ion doping mechanisms!*’); (c) synthetic schemes for the preparations of 1D

and 0D Sn bromide perovskites by carefully controlling synthetic conditions!6?.
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Fig. 4. (a) Schemdtlc summarizing the origin of the band gap bowing in MA(Pb; ,Sn,)Is, shdded regions represent the valence and
I; (¢) QSGW band structures and par-
tial densities of states of a-CsSnl;, a-CsSnBrg, and a-CsSnCly™; (d) DFT calculations of electronic band structures for BZA,Snly;

conduction bands!™; (b) schematic optical absorption of halide perovskite solar cell absorber!'?

(e) DFT calculations of total and partial density of states (PDOS) for BZA,SnI, ™.
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Fig. 5. (a) Normalized absorption spectra and steady-state PL spectra of CsSnXj films containing pure and mixed halides!®;
(b) photoluminescence spectra for ABI; with different cations (CHsNHgz+ and Pbh?+)[™); (¢) normalized absorbance (solid lines) and

PL (dashed lines) spectra of (PEA),SnX, perovskite thin films processed on glass/*!l.
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Fig. 6. (a) Temperature dependence of the electrical conductivity of CsSnl3™; (b) temperature dependence of the electrical resistiv-

ity of single-crystal MASnI; grown from the HI solution(black)and that grown from the EtOH solution (red)®.
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Fig. 7. Resistivity of (a) MASnl; and (b) FASnl; as a function of the aging time in air at 60% and 10% RH, respectively®; single-
crystal temperature-dependent resistivity plots of (¢) MASnl; and (d) FASnl; in the 5-330 K temperature range. The specimens

were obtained from the solution method[¢!,
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Fig. 8. (a) Photoluminescence spectra of (RNH,),SnBr, (excited by 316 nm)%; (b) single-crystal structure of the 0D Sn mixed-hal-
ide perovskite (C,N,H;,Br),SnBrJ; , (v = 3) surrounded by organic ligandsi®?; (c) excitation (blue line) and emission (red line)

spectra of bulk Sn mixed-halide perovskite crystals at room temperaturel®; (d) excitation line of reference and emission spectrum of

(C,N,H,,Br),SnBr,l;_, (v = 3) crystals collected by an integrating sphere!*.
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Fig. 9. (a) Crystal structure of Cs,Snlg?;
purity of the A,Snl series; (c) structures of CsySnlg, (CH3NH;)oSnlg, and (CH(NHy),),Snl; showing the isolated octahedral units/*l.
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Fig. 10. (a) Calculated band structure and (b) PDOS of the CsySnlg compound via the GGA functional®; band structures calcu-
lated using HSE06+SOC for the (c¢) P4/mnc and (d) P2,/n phases of RbySnl*!.

106 1.2
(@) CH(NHy)3 g, (®) RbySnlg 12He) g 1100
CH3;NH4 = - —~
’é\ ' g 1.0 i . T 107 o)
d ¢ . £l 180 7
% 104 § . 4 :‘> &, _
= | e I L
£ E 0.8 . E 6 CHNE feo %
i 2 . >~ a4b o L
5 < ® & =
= % 06} *e i, o X
= b = bt CH(NH,)§
” . or & o
: : : : 0.4 : : : : : : : : : 20
200 225 250 275 300 285 290 295 300 0.95 1.00 1.05 1.10 1.15
Temperature/K Temperature/K Tolerance factor
B 11 (a) AySnlg FRFNEA A L BEL A A T BE (9 eR B0 (b) (1 4 PR EHC B WCR 19 RboSnlg(TV) FY I EE AR 1 Fi BEL 3 400 Y
(c) AySnly 23 A5 7 SUAG AR BT B S 36 A 314345 H B9 Hellwarth (u, ) FEF3E B 2R 5454k 0 25 22 R 1 4 bR 5006 2 ] 191

Fig. 11. (a) Electrical resistivity as a function of temperature for each member of the A,Snlg series; (b) temperature-dependent
resistivity data of rubidium tin(IV) iodide collected using a 4-probe configuration with Pt wires and Ag pastel®!; (c) experimentally
and computationally derived Hellwarth (u.y) electron mobilities of the A,Snlg vacancy-ordered double perovskites plotted as a func-

tion of perovskite tolerance factor®!,

K 2.75%, K ICUWEAELE 455 nm [ i, PLQY ik
2 78.9%, HEIT AT AL ERT 3. i ad 4 RL R AL FNE
— VR BT, BiSHTE Sn ALE B A F] CsySnClg

Fepidr ) JEAR L P AL Blsn+V01ﬁlﬁk FEAY, FEL
5 WO A B 0L TR — T g, B 2a AR
Sh3+i}, MR N 0.59% B, PLQY h 37%94.
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(a) - l- ..
1 |
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Day 1 Day 4
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K12 (a) #REEHY CsSnly WIRAE R SIEAAE T A (b) RSN 33 g5 00 1 B B8
Fig. 12. (a) Photographs of a bare CsSnl; film in ambient condition; (b) photographs of encapsulated devices put in ambient

condition[s,
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Fig. 13. (a) General crystal schematic of a (PEA),SnX, perovskitel*!l; (b) normalized absorbance (solid lines) and PL (dashed lines)
spectra of (PEA),SnX *!; (c) current density versus voltage (J- V) and luminance versus voltage (L— V) characteristics for the

PeLED devices based on PEA,Snl, and TEA,SnI,.
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Table 1.  Summaries of Sn-based PeLEDs and Pb-based PeLEDs.

i By R A oL T
2018  ITO/ZnO/PEI/(C1gH3;NH;),SnBr,/TCTA /MnO,/Al R4 621 162 350 cd/m? 0.1 [40]
2019 ITO/PVK/(PEA); ;Cs;Sn, 51,75/ TmPyPB/LiF /Al ¥4 920 — 40 W/ (sr-m?) 3.01 [42]
2020 ITO/PEDOT:PSS/TEA,Snl,/TPBi/LiF /Al k4 638 28 322 cd/m? 0.62 [59]
2016 ITO/PEDOT:PSS/CsSnl,/PBD/LiF /Al — 950 — 40 W/(srm2) 3.8 (58]
2018 ITO/LiF /CsSnBrs/LiF /ZnS /Al HHER 672 — 172 c¢d/m? 0.34 [65]
2020 ITO/PEDOT:PSS/(PEA),Snl,/TPBi/LiF /Al BER 633 24 70 cd/m? 0.3 [88]
2020 ITO/PEDOT:PSS/(PEA),Snl,/TPBi/LiF /Al WEHl 632 — 132 cd/m? 072  [110]
2020 ITO/PEDOT:PSS/(PEA),Snl,/TPBi/LiF /Al WEF 630 — 355 cd/m? 0.52 [39]
2018 ITO/PEDOT:PSS/CsPbBry/PMMA /B3 PYMPM/LiF/Al — 525 20 14000 cd/m? 20.3 2]

2018 ITO/ZnO-PEIE/FAPbI,/TFB/MoOx/Au — 800 — 390 W/(srm?)  20.7 [3]

2019 ITO/ZnO-PEIE/FAPbI,/TFB/MoOx/Au — 800 — 308 W/(srm?)  21.6 [5]

2019 ITO/poly-TPD/F A, 33Csq.6:Pb(Iy.7Brg 5)3/ TPBi/LiF /Al — 694 37 — 20.9 [37]
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Abstract

Lead halide perovskites have aroused widespread interest in recent years due to their superior
optoelectronic properties, such as high absorption coefficient, high charge carrier mobility, high defect tolerance
and high photoluminescence (PL) efficiency. However, one critical problem which potentially hampers their
commercial applications is the toxicity caused by lead. To address this toxicity problem, a careful and strategic
replacement of Pb?* with other nontoxic candidate elements represents a promising direction. Tin (Sn),
currently the most promising alternative to lead due to its structure and properties, has received
extensiveattention. In this review, some recent developments of Sn-based perovskites and their applications in
light-emitting diodes are summarized. Firstly, some synthesis methods of Sn-based perovskite materials are
introduced. Then, the crystal structures and photoelectric properties of Sn-perovskites in different valence states
are analyzed. Then, the potential application of Sn-based perovskite materials in light-emitting devices is
presented and some methods to improve the performance of Sn-based PeLEDs are also summarized. Finally, the
significant challenges in these Sn-based PeLEDs are pointed out and their possible solutions are suggested. It is
expected that this review can conduce to an in-depth understanding of Sn-based halide materials and their

application in PeLEDs.
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