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Abstract
Metal perovskite halides have received much attention in the next generation of solid-state light-
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ing because of their excellent optical properties and easy solution processing. Although Pb-based
perovskite has the advantages of a tunable band gap, narrow emission band, and high carrier mobil-
ity, its disadvantages such as high toxicity and poor stability limit its application. Here, we report
that Bi3+ and Te** doped tin-based perovskite Cs,SnCls microcrystals are explored, and Cs,SnCle:Bi3+
exhibits 450 nm blue emission originated from 3Py ; — 1S, transition of Bi3*, while Cs,SnCls:Te*+
exhibits a 570 nm yellow emission for the 3Py; — 1S, transition of Te*+. The photoluminescence
quantum yields of the as explored perovskites reach 61.07% and 63.73%, respectively. Moreover,
excellent stability of these perovskites in air, heat, and water is demonstrated. By regulating the
proportions of Cs;SnCls:Te4 and Cs;SnCle:Bi3+ microcrystals, white light emitting diodes (LEDs)
with distinct color temperature tuning from warm white to cold white output could be achieved,
and the corresponding color temperature (CCT) changes from 6237 K to 7422 K, with a maximum
color rendering index (CRI) of 93. This work provides a reference for realizing high-performance
white LED by transition metal ion-doped lead-free halide perovskite.
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RORs R 5. BRI, BIEIRA Cs,SnCle:Bi* Al Cs,SnClg:Te Ok & B a] SZHILFE 55 3 AN 1 W 3 X I8 1) v
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2. SCIE
2.1. MRkl

KK PG % T Cs,SnClgxTe* (x = 0, 0.01, 0.04, 0.07, 0.10, 0.13)L) } Cs,SnClg:xBi*" (x = 0, 0.01,
0.03, 0.05, 0.07, 0.09) R HEGELT A4 K. LL CsC1(99.9%), TeCly (99.9%), BiCls (99.9%), SnCly-5H,0 (>98%)
NEE, ¥ 0.95 mmol SnCly-5H,0. 0.05 mmol BiCl; A1 2 mmol CsCl 5 5 mL HC1 7E 25 mL & & e v 2e
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60 C 1A 15 24 h, BITF 5 Cs,SnClex%Te WK i o ZEAR R 2614 » FH x% mmol ) BiCl; (1 — x%) mmol
1) SnCly-SH,0 F & AN A Bi* W FE I Cs,SnClx%Bi* K i o
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CsSnCly #5ERH AT AT K, I8 I (B BG 25 BR[SnCle]™ N EEA O — B 57, L RLITIE I 2 A 7
AT (A B Fm3m), A IILHI[SnCle)* \HiA4: Cs PHES Pl . BiX Al Te 87 b NS85 o ¥
Sn* 07 s, I RBICI ) A TeCls)>,, FHrh, Bi¥ BT AIARSEMN B 20 59 n C1U s A 3E 47 s far f 2
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frhtig, BEE T A B B AR T &, ATHEEH /N AR S, XA Sn*' (A = 0.690 nm)#
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FEAL I XRD KRS EE S, BRI RIE S HON Ry = 9.70%, R, = 7.04% . 3% 15t B 15 B A 1548 HL 2 T 5ER0
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Figure 1. (a) Crystal structure and the coordination environment of Cs,SnClg:Bi** and Cs,SnClg:Te*". (b) X-ray diffraction (XRD)
patterns of Cs,SnClg:xTe* (x =0, 0.01, 0.04, 0.07) and Cs,SnClg:xBi*™ (x =0, 0.01, 0.07). (c) Rietveld refinement result of
Cs,SnClg:0.07Te*" MCs. (d) SEM image and elemental mapping images of Cs,SnClg:0.07Te*" and Cs,SnClg:0.07Bi*" (scale bar = 5

pm)

& 1. (a) Cs,SnClg $52% Bi* 1 Te* 0 R AR LA FIEL SLEFE R E B . (b) Cs,SnClgixTe* (x =0, 0.01, 0.04, 0.07)F1 Cs,SnClg:xBi** (x
= 0.01, 0.07)K XRD [EliZ. (c) Cs,SnCls:0.07Te" KA XRD $184ER . (d) Cs,SnCl:0.07Te* F Cs,SnClg:0.07Bi* HE M AN
SEM BT &N HE%

3.2. FMEERNRIE

Ul 2(a)y CspSnCl Al Te* B T8 24 (1) Cs,SnCls £ i IR J6 1 - Cs,SnClg £ i 7E 220~480 nm 3
BAG P, IR IR . 1T Te* B 241 Cs,SnClg FIFE S, HILEUR EEIETE 360~480 nm. 300~360 nm
H1250~300 nm HBLGE (OBOR T o oS BRSE O IR AL T ROE RO A B — 2, AT JE N Tet SRRSOk
e Hodr, 387 A1 425 nm A RFEXT IR ACE S WU VA E T Te 1 E BehiE fvrm 'S, (]Alg) — P (°Ty)
BRIE: 342 nm AL B SR VB T R30I 00 'S ('Aug) — °Py CE, + *To)BKiE: 287, 298 Al 314 nm
Ak (AR RR = B AR R AR SRV 'Se (AL — Py (Ti)BRIE[22]0 B 2(b) 7R, 7E 400 nm 54k
JEBR T, Cs,SnClg:Te" 7E 570 nm AR ILH BRI B & 5, H 450~750 nm K585 & 5T V8@ N Te*
BT Py, — 'SoMIERIT. BEE Te* WM 0 HHNE] 0.07, Cs,SnClg:Te* (1K IR ZEWE K. Fi% Te*
IRBERIBE AN, BT IREER AN, HREREERHIR N e PR EIR Cs,SnCle Te" fIfcH: Te* B 44Kk EN
0.07, B & A58 B e i Ho R G AR AL T 36X, (A ARFRM(0.466, 0.509), WK 2(c)Fr. Kl 2(d)FT
7R, Cs,SnClexBi® FE S ISR YR B 300~370 nm (AN AR A T8 T I8 e i B B 710 'S,
(‘Aip) =P, CTWFE. K 2(e)R, 76340 nm R T, 45 B [HACKSATE 450 nm AL ILH S0 (4K
$F. BEE BPUREM 0 B3] 0.07, Cs,SnCle:Bi* 1R IR EIZFWIE K. B B T B —B1m,
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Figure 2. (a) Photoluminescence excitation spectra (4., = 570 nm), (b) photoluminescence emission spectra (L., = 400 nm), and (c)
the corresponding CIE chromatic coordinate of Cs,SnClg:xTe* (x =0, 0.01, 0.04, 0.07, 0.10, 0.13) samples. (d) Photoluminescence
excitation spectra (4, = 450 nm), (e) photoluminescence spectra (1, = 340 nm), and (f) the corresponding CIE chromatic coordinate
of Cs,SnClg:xTe* (x = 0, 0.01, 0.04, 0.07, 0.10, 0.13) samples. (g) PLQY of Cs,SnClg:0.07Te*" (The inset is the local PL spectrum
of Cs,SnClg:0.07Te*"). (h) PLQY of Cs,SnClg:0.07Bi*" (The inset is the local PL spectrum of Cs,SnClg:0.07Bi*"). (i) Mechanism
diagram of PL of Cs,SnClg:Bi** and Cs,SnClg:Te** MCs, respectively

2. Cs,SnClgxTe*" (x =0, 0.01, 0.04, 0.07, 0.10, 0.13)#9(a) HH K HEE HKE (Ao = 570 nm), (b) FKEK HAE (A, = 400 nm)
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() HBEAKIE (o = 340 nm) AR () XBEAXXIENELIRE. (9) CsSnCle0.07Te" WS EFHEGEE A
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(i) Cs,SnClg:Te* F Cs,SnClg:Bi* BB & S IR E]
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Figure 3. (a) XRD patterns of Cs,SnClg:0.07Te*" and Cs,SnClg:0.07Bi>" MCs recorded after deposited in ambient air for 30 days. (b)
Photoluminescence spectra of Cs,SnClg:0.07Te*" and Cs,SnClg:0.07Bi*" MCs recorded for the corresponding sample exposed in
ambient air for 30 days. The plotted luminescence intensity of (c) Cs,SnClg:0.07Te*" and (d) Cs,SnClg:0.07Bi*" recorded for 5 ther-
mal cycles from 300 K to 400 K. PL spectra of (e) Cs,SnClg:0.07Te*" and (f) Cs,SnClg:0.07Bi*" deposited in water for 0~120 mins,
the upper inset plots the PL intensity change dependent on recorded time, the bottom inset show the corresponding photographs un-
der 365 nm irradiation, respectively.
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IREERF 80% LA EDCHEUR DGR . IF HI ARG IFERA e, BTN 7] 58 55 75 KA 22 fE e H
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Figure 4. (a) Powder XRD patterns of samples A, B, and C exposed to ambient air for 30 days, respectively. (b) Electroluminescence
spectra of UV-pumped WLED based on Sample A, B, and C operated at 200 mA driving currents. The insets are photographs of the
working WLEDs. (¢) Commission Internationale de L’Eclairage (CIE) color coordinates of the WLEDs at 200 mA driving current.
Electroluminescence spectra of the UV-pumped WLED based on (d) sample A, (¢) sample B, and (f) sample C at 40~200 mA driv-
ing currents. (g) Thermal images of sample C fabricates WLED devices at 100 mA, 150 mA, and 200 mA driving currents, respec-

tively
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1:5, 1:6)fJ Cs,SnClg:0.07Te* Fl Cs,SnClg:0.07Bi* kIR A AFES AL B Al Co W& 4(a) i, =FPASE L
BIEIAE SR S XRD OATHTIGE A o428, UL ER & %A Sl g AR . FEMICE 30 KRG, HAT
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ST B R B I R AR, BEZ RS A TR R ISR e M. e AL BAIC
13 L 365 nm P45 71 InGaN &5 F &5 & il % 17 —FA[H Y WLED, @& 4(b)Frax. Al &1 WLED 1] &
BRI A, ek aE s a WXL, Y5 400~750 nm. i&=F WLED ) CIE Bt stnsy il
(0.388, 0.421). (0.352, 0.381)A11(0.301, 0.312), & 4(c)Fim. XEBEE 1% LED 2815 0] S8l ABE 16 2174
HYGHIEELL, CCT 20518 7370 K. 6237 K. 7422 K. HAAVEREME, 5 C R A8 (CR)EIL 93,
e T I OGAT (=65), 5 & it MR -G 2O60 FTs B AME A 2, R X € R B R 7™ 4 4 e 8 FH
N 7 VPl WLED EANRIBRA) B N B TERE, 5] 4(d)~(D 73 HIREE T AES AL B AT C AHBZRY R S . B
FH KB HIRAIIG R, ARG oE B ERRIEN, IX 3R B P % i = RO [R]) WLED # B A ReFrifee e, £
HLI TR EEIEH TAE. FIR, R AN A F SRS L~ WLED BRI ST 7 M. 4l 4(g)
Frzm, ISR 100 mA 03] 200 mA B, ATERIVEEM 42.0°CH & H] 94.9°C. 1% LED #8fFis1T
REFE PR AR R A AN BRI O R, (IR FE SR DRI R R e, BOR TN R
Cs,SnCl:0.07Te* 1 Cs,SnCl:0.07Bi* fek § FI/E A WLED F e AR 116

4. Z5ig

B2, RTAEEKIRERE T T R Bi B PB4 Cs,SnCls ek die iR R 60T SEBL R 2L
) Te* BT °Poy — 'So BRITAY 570 nm # 6K S BB T Py, — 'So BRI 51 HEMT 450 nm W K% 5 . BT
RIS BB B TP 25 ATk 61.07%. 63.73%, HAEFSIEE, #. AKh# BA TRz
PEo BbAN, VREAFEELBIR Cs,SnClg:Te* Al Cs,SnClg:Bi* ek it Al S8l BB FOGEIA FDOG R, Hob
IR 6237 K R0 E 7422 K, fem iR Bk 930 RIEAE S s B, KPR EHE
AR . I, A TAERAE SRS 752 0 T8 [ A R I E @ e i rl, A
SEP R RE O e 4 WLED #44.
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