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BN RISHIBZ: CsPbBr; Bt EF A1
EREENFEHEENR
DT EE AT KN

1) (PUE 2B KA T AP, 9L 556011)
2) (FERARZOGH TRSPE, K 400044)
3) (FERMEHRFOLH AP, R 400065)
(2021 4F- 10 A 12 HWE); 2021 4F 10 A 26 HIEE )

AR AR 7 i 14 1)

IR, B A5 EK" CsPbX (X = Cl, Br 2 1) B HEAG DB T, 26t F /=% & (Photoluminescence
quantum yield, PLQY) DA K20 58 7 S A0 sl Mg iz v F TGS AR 4. SR, 5 PLQY #3ET 100%
LR RIZLGAR L, W6 50 2R A5 B 19 PLQY A5 FL B FE G, SR T AR A 25 5 1 7 iR 7E & il T A il 1 kLA
I8 T 4 nm (/N TR (Sn) $52% CsPbBry 1 T 51, I X HE5 M Re M FOG A Re 4T T 0F58. 455383801 Bl
H SnBry BN AYIE I, 7 KUARRLARLAR I GO )N, 506 A S0 e R Wi RS, RiA2 T 3.33 nm (SnBry 24 0.03 mmol)
/N8 2.23 nm (SnBr, 2 0.06 mmol ), %R AZEGR SR 490 nm ¥ % 472 nm. X4 SnBr, #IEN 0.05 mmol
I G SR /N R #5 2¢ CsPbBry &8 s s th el G2 PR, HORIAR 2070 2.91 nm, XF 07 1Y XRD 45 & T
75 W iR P o, O R ST T 472 nm Ak, PLQY fieir, I8 8 T 53.4%, 7EZ KPR 15 d J5 , K6k 5

WA 37 BN o A B S ik s | 36O PLQY A3 B8 S W Y 80%, 9 42.7%. UE M I& H 43 N SnBr, X CsPbBr; #4741

% A R R R AR R T R A R PR BE DG PR BE.

KHEIR: H/INRL, B1B44 CsPbBry &1, Jeitkse, 2Otkue

PACS: 74.25.Gz, 78.20.Ci, 42.25.-p, 42.50.Ct

1 5 =

4 JoHL Y K 85 5k 7 CsPbX, (X = Cl, Br,
I) L EA & T2 B A el 3 | 2Ot 1
% (Photoluminescence quantum yield, PLQY) /5
AR5 R A A8 S DG s AR O A L S HL M
GO A5 O L 4 S| R T )T i o6 T OO,
PLQY 25t B RS 6 1805 WoE 780 1t
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B, FE R E R RAEP MR & ERe J1 7. %
FERH R AR ZE KA | T Tl FA 8 At W AR A4 23 5
M 2 Y4B PLQY. 5 PLQY #3E T 100% 11
4% (CsPbBry) 54156 (CsPbly) 1 A5 L, 1
S R OCEE B L 5 (CsPbCly) PLQY %
fiX (10%), HEMWAFEE, T E A T H548k0° &
6 A AR AR R TP B N B A Ak
CsPbCly 1 PLQY#AR F 22 i T HAL 225 0 2
T H B BRI REEE, 5 B0 7

* BCMARHE TR E (S ZK[2021)245), EIK B AR RS (iEES: 61975023, 61875211, 51602033, 61520106012), L H
2R R IR (HEUES: BS202004, BS201301). FL LA BE 2 AR BN 55 R K ATHIR R LIRS (LS BRE T EAA
[2019]01-4) FFHNEEE T AUFHHAE R E (A5 BEA KY T [2018]035) ¥ By iE.

t BIEYEH. E-mail: zengfanju@cqu.edu.cn
T EEEHE. E-mail: weihu@cqu.edu.cn
1 WEME#E . E-mail: xstang@cqu.edu.cn

©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

047401-1


http://doi.org/10.7498/aps.71.20211895
mailto:zengfanju@cqu.edu.cn
mailto:zengfanju@cqu.edu.cn
mailto:weihu@cqu.edu.cn
mailto:weihu@cqu.edu.cn
mailto:xstang@cqu.edu.cn
mailto:xstang@cqu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 047401

K CEERTER AR, X GE M Re = A T i
M 21, PRIt Ao B e A S BRSO
VERBAAETEBRAL.

TR AT R B R T G E E RE,
H TGS 1075 5 224 : /)y CsPbBry & 15 kL
1, iR, N TR T R
N, HEERAR S, S o 2Ea®, AR isk
S 12881 R SR FH 28 B 3C e i i A
#t CsPbBr,Cly , 1 45, {HH T 5 kg i A DT L
SECH ARG E M. BGUAE, #iE T51A
BRI/ M s = R BT MR X
FEERD T A Po2 B T BT R B AR, vkl
AR R B LS AR, BT

ARSI T Cu2t, Mn2t, Sn2t, Cd2*, Zn?*, F1 A3+
FETBAE, YIRRITEE AR T 48T 0 558k i
VAL, Blifk T ol i, e 7R R
PERE 19-201, Hop | van der Stam 45 17 R H 4 )@ &
FACHIEA T PLQY Rk 62% [ Sn*t 8 145
%% CsPby ,Sn, Bry ¥t 4L (479 nm), L #42
%% CsPbBry fi ¥ A5 AT A 802 = G i i o2
PERE. AR, 107 TE T B AR SR I AR
PR, JeRRE AL G R B 441 CsPbBry
A, TR IR TR 254k 5 CsPh,
Sn,Brs T, AT AR 28 HliA s P i
W4, Zhang 45 P2 FEH R SAFG LT /MK
kL (2 2 nm)Sb* EF482% CsPbBry 44, M
AR T i R R B IAE AR, e 1 A% I L RE AN
JEPERE, AR R DGR RE R AL TR A

AR NS b T A E SR T AT
KA /N8 2% CsPbBr; 7t 74 (8T 4 nm),
FEXF HAE R R DG R R R T TR, 25 R
7 WA SnBry BSINERAIHE R, A B ASUR AR I
/Iy H13.33 nm (SnBry, *70.03 mmol) #8781 2.23 nm
(SnBr, 24 0.06 mmol), Gl moOE LA Bk
%, #1490 nm (SnBr, 4 0.03 mmol) #2472 nm
(SnBry 24 0.06 mmol). 4 SnBr, 2 0.05 mmol A,
BRI (472 nm) HEF PLQY fem, K 53.4%,
9Ok ST BA R AR e M, 7R KPR
15 d J5, H20 Kk ST & A B o 22, 3 F
472 nm &b, JE T WC RS, PLQY 3R Frf 0] 1Y
80%, 9 42.7%. ZIT LA BT ¥t PLQY &L &
S UOERRE /N ER DGR R, A O
PRI S LT R TS5

2.1 SCIGdRd

TRYLHE (PbBry, 99.9%) FE{LEE (CsBr, 99.9%)
W4 TVG 4 SRR RHE A BRA R 1RALER (AlBrs,
98%) . AR (C15H;,0,, OA, 80%) . Jill (CH;(CH,),
CH, OAm, 97%) FIH A (C;Hyg, 99%) W4T~ _f 1 fi]
LT AR R AR A\, —H B R (C3H;
NO, DMF, 99.8%) . 1IEC\%¢ (CgHyy, 97%) . LR H
fif (C4HgO,, 95%) WK THER 7 Sigma-Aldrich A F].

2.2 HB/IMNBERIESZ CsPbBr; EFSHIHIE

FREC 0.4 mmol(146.8 mg)PbBr, Fl1 0.4 mmol
(85.1 mg)CsBr BT 20 mL A AR F)H, B
10 mL DFM Jn AR, InA#E ke +, & T
WG S G HEAT B R, BB T . A
1 mL yHERFN 0.5 mL VR A R, # T i
$£ 0.5 h J5 7. 4 1 mmol (278.5 mg)SnBr, T
5 mL 25 B iR, AIA 1 mL DMF ¥ 51) &
WENEFET (FERM), B8 TR 75
(KA, HZE SuBry 58 2% M. Bl 44
20 mL 2GR, 430 nA 10 mL HZE (U
BT 5 cCOKFRTHIRIRAE) Jed S1titt+, I8 T
Tk A PR, SRR T A DR
1 mL CsPbBr; il 9K /A& % # (PbBry 2 24 0.034
mmol), [A]#f A B izl 5 H AN [R5 /9 SnBr, %
WL, I AR, T ZUAE R 2 min, BIARAT
St F487% CsPbBry i F A iR, Hor, IR
A% SnBrs IR 30 pL(0.03 mmol /Y SnBry) .
40 pL (0.04 mmol #J SnBry). 50 pL (0.05 mmol
1 SnBrs) 3% 60 pL (0.06 mmol [ SnBry). ),
K R R ERFNIE ke (B R 3:1) XHIr & 4
T R A R A SN ) B A IL A TR U,
B3R, WU T IEC b, RIATERAS 4 FloATR]
NI SnBr, 1Y87#57% CsPbBry & 1 5.

2.3 HmRESHEUK

I BT R IR SS AR F X AT Gt
TFAE (X-ray diffraction, XRD, Cu K, irradiation,
X\ = 0.15406 nm). 5T AMATES . A& EE AT
L FAEIEA (Energy dispersive spectrometer, EDS)
YR B ST B H05E (Transmission electron mic-
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roscope, TEM) #E17RAE. WS HE | 96 1E LA
K PLQY 53R FHEA- 7] W tRET (UV-2100)
oz T ERHY (Edinburgh fluorescence spec-
trometer FS5) #EATRAF. & 5 9 0 75 i K
HPe Al 24 (QM TM NIR, PTI) #H{73%
k. A e e A A R A BT T

3 ARtk
3.1 gt

El 1 T A R [R5 4% CsPbBry & - s 11
XRD 3. Bg SnBr, @& 4 0.06 mmol B}, 85
%% CsPbBry it 1 ALAE (200) b BLAT 506, H
RBBA: CsPbB; T Ai347E (100), (110) 1 (200)
fm T B T B AT R, 5 PDF#18-0364 5K
XTI CsPbBry #54K 0 ks S EHW) & 1. 1]
BB A MU CsPbBry 1 1 S Sk 45 4.
BRI, 24 SnBry BN 0.05 mmol B}, JF
E BB CsPbBry &1 55,45 i 11 AT 5 16Xt 7
() 58 B AR e 5 , {H SnBry WS A 0.06 mmol B,
AT e AT AR 5, 1 PR S BB e T B

SnBrs, 0.06 mmol
.-dcg vm‘yl v;wv‘“h AW"" T
=]
=}
& SnBry, 0.05 mmol
= 200
2 100) (110 (200)
>
.*i SnBrsy, 0.04 mmol
=1
5]
E
— SnBry, 0.03 mmol
| | I | PDF#18-0364
1 , - 1 . L1 X 1
10 20 30 40 50 60

20/(°)

Bl 1 #1524 CsPbBrs # T 4/ XRD %
Fig. 1. XRD patterns of tin doped CsPbBr; quantum dots.

TS AR, S BB A S0 i 2
m R RUE R, FEEH T Sn2t(1.12 A)(1 A =
0.1 nm) ATV INF Ph2 RS 245 (1.19 A) 23,
MUNKIARR) Sn2tE T H T 20 P E AL E
I, 134545 4% CsPbBry F55kH" S A i 25 22 I 7
AR /N, FEERET TR ZEAR O FR PRS2 B, S
SEFRRUE PERRAIE 24,

Kl 2(a)— (c) it 75 43 3l 24 %5 fin 0.03 mmol,
0.05 mmol F1 0.06 mmol K SnBr, FIF & il i) 8 5
7% CsPbBr; & F /5 1 TEM B ATLLE S, 5
Z& CsPbBrs it 1 & 1T 4R 42 43 1 24 3.33 nm,
2.91 nm Al 2.23 nm. P& SnBry 45 I & 54 K,
/N T AURLAR B SO/, X E R T Sn?tE
TR (112 A) /NF PO 48 (119 A). A
375 VL (4 15 43 B ST LR (High-resolution trans-
missionelectron microscopy, HRTEM) [ i 1] 1,
JIT G B /N oRE 5 48 2% 5 T s A HE (200) 4 T
B kTR Z R 0.28 nm B 15T Sk 580, IEB
A B8 %% CsPbBry it T HA 5 CsPbBry
[i) F4) &l 1 &5 44 3 AT 78 SN In 0.05 mmol HY
SnBr, Fi & i 45/ Cs, Pb, Br fil Sn JTE KT
HM ARG, 4558 WoR, Cs, Pb, Br fl Sn JT& Y
513 AE T4 4544 CsPbBry & 1 S KT . ik — %t
HFEAT i T REIE I (EDS) 2087, WA 4 s,
Jin SnBr, 4 0.05 mmol B} fT& A= T 45 AY Cs, Pb,
Br Fll Sn JG % W J& 5 Lt 439 20.31%, 18.68%,
56.38% F 4.63%, [ e b4 3k 23.22%, 33.30%,
38.75% FI 4.73%, Cs: (Pb+Sn): Br Jil T lL 4 K
1:1:3, 5 CsPbBr; faiAZE# H # Cs: Pb:Br J&F
b 1:1:3 MW . 455 181 3 FEL 4 AT LATEHT, s
I SnBr, A SLEA B T B3t CsPbBry it 145
PR, S BB A% CsPbBrs 1 4.

Bl 2 84 %% CsPbBry & 1 42 ) TEM E % (% R & 20 nm) (a) SnBr, & 0.03 mmol; (b) SnBr, A 0.05 mmol; (c) SnBr, K
0.06 mmol. (a) (b) H 4 N %t TEM [ & F 5 /) HRTEM E 3% (b5 L4 2 nm)

Fig. 2. TEM images of tin doped CsPbBrj quantum dots (scale bars represent 20 nm): (a) SnBry is 0.03 mmol; (b) SnBr, is

0.05 mmol; (¢) SnBr, is 0.06 mmol. Inset pictures show the HRTEM of corresponding quantum dots (scale bars represent 2 nm).
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3
Fig. 3. Cs, Pb, Br, and Sn element mapping images of tin doped CsPbBr; quantum dots (SnBrs, is 0.05 mmol). The scale bars rep-

resent 50 nm.

1000
I SnBr, 0.05 mmol
s00l EH Element |Weight/%|Atomic/%
Cs 23.22 20.31
Pb 33.30 18.68
o 600 Br 38.75 56.38
E! Sn 4.73 4.63
2 Cs .
O 400 Total 100.00 100.00
200 Sn
Sn
0 o TWPTIPOIN | TR N
0 10000 20000 30000 40000
Energy/eV
B 4  Bj#B4% CsPbBry &t F 4 1 EDS(SnBr, 24 0.05 mmol)

Fig. 4. EDS of tin doped CsPbBry quantum dots (SnBr,
0.05 mmol).

3.2.1 R hR AN

Il 5 24 Sn?t i 157k & 1 I IO IS Aok
IR KL 5(a) TTLUE Y, BB &1 i
WU AE 475 nm [fff. B SnBr, W hNE Y
K, mFRIOURAEER (BULFE K 365 nm),
SnBr, #S A 0.03 mmol, 0.04 mmol, 0.05 mmol
F110.06 mmol BH533%R 490 nm, 482 nm, 472 nm

3.2

B 18 7% CsPbBr, T 519 Cs, Pb, Br Ml Sn 76 % A9 70 2 BT E{E (SnBr, &7 0.05 mmol), 5 R4 50 nm

472 nm 190 K& S, Hord ) N SnBr, N
0.05 mmol B Ffr & B s 7E 472 nm ARy & S04
ik, JB TR, XA U VRS
M PLQY KRB ER AT I 5, X R A 2%
R T FS 5 POUETEAL, Wk I M 365 nm,
T 3 2R AR BRAT LA i B B[R] PR G 4L
e 2 WS R A R R DG TR DA ROt
PLQY A H 4% 268 LU IO 8o A
. S5 5RAE 5(c) B, IIRTR & SnBro i &
X Sn2t B 148 4% CsPbBry & 1 4 ) PLQY 4
SA 43.4%(0.03 mmol), 32.3%(0.04 mmol), 53.4%
(0.05 mmol) F121.7%(0.06 mmol). [FFEZAN SnBr,
A1 0.05 mmol B A& i B W 't & F 55 PLQY fie iy .
VLHHES N SnBry, 2 0.05 mmol Bf-& B G a5
Ot PERE AL 25U SnBr, FHEA 0.06 mmol
W, & R0 R B BT AL T 472 nm, 5 AN
0.05 mmol [ SnBr, B} AH[H], HH PLQY #li#
R, BEZ T 21.7%, LB 0.05 mmol /Y SnBr,
FEAIR T 31.7%. UERHUS NG £ SnBry A B/ T
i S EAT AR 2 R L S R R Y
#r SnBry TShNE K, W2 T30/ i S 4
AR 22 B A AR 5.

£ SnBry, 0.03 1 SnBrj, 0.03 mmol 60

3 : — SnBry, 0.03 mmo —_ 2, 0.

E (@) — SnBrs, 0.04 mmol % (b) — SnBry, 0.04 mmol - (c) 53.4%

8 — SnBrjy, 0.05 mmol = — SnBry, 0.05 mmol 50 (43.4%

= — SnBr;, 0.06 mmol : — SnBry, 0.06 mmol n

= g o 40t \

2 = X

= .

|5} ] 30 F

2 é g 32.3%

g g & 20t

E z 21.7%

< -

g B 10

2 . . . oL . . .
350 400 450 500 550 400 450 500 550 600 0.03 0.04 0.05 0.06

Wavelength/nm Wavelength/nm SnBry/mmol

5  #4B2¢ CsPbBry # T HY

(a) WU (b) 5EEkHE; () PLQY
Fig. 5. (a) Absorption spectra; (b) emission spectra; (¢) PLQY of tin doped CsPbBr; quantum dots.
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6 N8B CsPbBry ¥ 1 Yz 6 2E s
& A B BAE T R EIERAT (1) AT =485
WA P, ST TR 7, R E & 756 7
TG o TSRk, MRS 53
R g, 23R (2)—(6) AEATIHE 27

f(t) = Arexp (—t/71) + Agexp (—t/72)
+ Azexp (—t/73)

Tavg = Z(Aﬂ',?)/ ZAiTi7

= Tavg
" PLQY’

Tavg

~ 1-PLQY’

Thr

ke =1/7,

Rnr = ]-/7-nra

—— SnBry
—— SnBry
—— SnBr»
—— SnBry
—— SnBry
—— SnBry
—— SnBry
—— SnBry

Counts

, 0.03 mmol
, 0.04 mmol
, 0.05 mmol
, 0.06 mmol

, 0.03 mmol fitting
, 0.04 mmol fitting
, 0.05 mmol fitting
, 0.06 mmol fitting

50 100

[}

150

Time/ns

[l 6

200

B Es T4 7% CsPbBry 1 T £ 5 G 2 5

Fig. 6. Time-resolved PL decays of tin doped CsPbBr;

quantum dots.

A, Ay, Ay B A NHERL, 7, 7 B 73 53 SR 7F
i FPAETF A AR AR A IS IR ). A 4RI 1
frzs. N 1 Al LA, BRI [R) & SnBr, & ALY
1952 CsPbBry KT 211 740 7 i oy 57310
16.09 ns(0.03 mmol), 15.81 ns(0.04 mmol), 17.73 ns
(0.05 mmol) Al 14.78 ns(0.06 mmol). ¥ fil SnBr,
>40.05 mmol s I G WU - sUX I A9 9 5 75 il e
K. o THHSE BB )5 T AR 2OEHLH], BE—2
X 7oy Tars b gy BEATTIERE, S5-I 2 PO, 25
WE, ¥ SnBr, A 0.05 mmol B} Fr & i &+
RN Ry B, Ky, B, UAEH SnBr, I A
0.05 mmol I, AIA AR/ AL BB A
TR ARAR S I 5 B . IERE B Y SnBr, 1]
AR/ SR 85 85 CsPbBry 1 i AR 4R
SYEAR, R EE/NIRLED R TR PLQY R,

3.2.2 whAALH

e, N TR T SR A O R AR
4538, XF I SnBr, S 0.05 mmol Fr & A Y R
/NARRL T AR PO RS A TS B AT
KAGUE 15 (PR, 185 >60%), 5 BIXFE U
1,2,3,5,7 10l 15 d B2 6% HEAT I (3%
KUK 365 nm), JEXAAREE 1, 10 #1115 d J5 &+
F PLQY #EATMRE, g5 7 FR. & E
SRR 15 d ), PO R S LA B B
AR FERCER 1, 10 A 15 d WG T A A PLQY
WU 53.4%, 48.6% F142.7%, BIMFI 15 d J5, Sn2t
B F 4% CsPbBry i1 S B A 472 nm B9 #OL
KA, SRS 1 RGBT S PLQY

1 B2 CsPbBry TSRl 24 S5
Table 1. Fitting results fitted by time-resolved PL decays curve of tin doped CsPbBr; quantum dots.
SnBr,/mmol A /% T1/n8 Ay/% To/18 A3/ % T3/n8 Tovg/NS
0.03 12.36 3.60 69.05 9.33 18.59 26.17 16.09
0.04 4.52 1.83 69.01 9.16 26.48 22.92 15.81
0.05 7.43 2.09 63.97 8.96 28.60 25.07 17.73
0.06 4.42 1.65 69.56 8.10 26.03 21.64 14.78
F2 T, Tap ke By, TGS R
Table 2.  Calculate results of 7,, Ty, K, Fl Ky
SnBr,/mmol Tavg/ 1S PLQY /% 7./n8 Tpr/11S K x107/s71 Ry X 107/s71
0.03 16.09 43.4 37.07 28.43 2.70 3.52
0.04 15.81 32.3 48.95 23.35 2.04 4.28
0.05 17.73 53.4 33.20 38.05 3.01 2.63
0.06 14.78 21.7 68.11 18.88 1.47 5.30
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Fig. 7. PL peak and PLQY of tin doped CsPbBr; quantum
dots from 1 to 15 days.
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Abstract

All-inorganic perovskite CsPbX; (X = Cl, Br and I) quantum dots (QDs) have been wildly utilized in
optoelectronic devices due to their tunable photoluminescence, high photoluminescence quantum yield (PLQY),
and narrow-line width photoluminescence. However, the blue luminescence PLQY of CsPbXj; perovskite
quantum dots is still lower than their red and green luminescence counterparts (PLQYs nearly 100%). Here in
this work, we present a handy strategy to synthesise the ultra-small blue luminescence Tin-doped CsPbBry
perovskite QDs by supersaturated recrystallization synthetic approach at room temperature, and the
particle size of as-prepared QDs is lower than 4 nm. The crystal structure and optical property of Tin doped
CsPbBr; QDs are characterized by XRD, TEM, ultraviolet-visible spectrophotometer, and fluorescence
spectrophotometer. The results show that the particle size of as-prepared QDs is slightly shrunk from 3.33 nm
(SnBr, 0.03 mmol) to 2.23 nm (SnBry, 0.06 mmol) as the SnBr, adding quantity increases, but there is no
obvious change in the lattice spacing of doped QDs. The partial substitution of Pb for Tin leads the optical
spectra to blue-shift from 490 nm (SnBry 0.03 mmol) to 472 nm (SnBr, 0.06 mmol). The highest PLQY and the
strongest XRD diffraction of ultra-small Tin doped CsPbBrsblue luminescence QDs are obtained by adding
SnBry 0.05 mmol, and the blue luminescence peak is located at 472 nm with the PLQY of 53.4%. There is no
any change in PL peak of Tin doped CsPbBr; QDs (SuBr, 0.05 mmol) by storing it under the ambient
atmosphere for 15 days, and the PLQY of Sn?* doped QDs is still 80% of the initial after 15 days. It is
concluded that the crystallization and optical property can be effectively improved in Tin doped CsPbBr; QDs
by partially replacing appropriate quantity of Pb by Tin.

Keywords: ultra-small, tin doped CsPbBr; quantum dots, optical property, stable luminescence
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