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Abstract

As the alternatives to toxic lead-halide perovskite photovoltaic materials, the lead-free Cs;AgBiClg
double perovskites have recently attracted much attention due to their environmental friendliness
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and high stability. However, Cs;AgBiCls material is of intrinsic self-limitation due to its strong
carrier-phonon coupling as an indirect bandgap semiconductor. The non-radiative recombination
of carriers greatly reduces its radiative recombination efficiency and therefore limits its application
in optoelectronics. The oretical calculation has indicated that Sn doping will give rise to changes in
the internal structure of the Cs2AgBiCl¢ double perovskite, resulting in the formation of direct
band gap and thus reducing the non-radiative recombination. In this work, Sn-doped Cs;AgBiCls
double perovskite nanocrystals were prepared by a thermal injection method, and the crystal
structure, optical properties and valence structure were investigated by means of XRD, TEM and
XPS, The experimental results show that Sn atoms are effectively doped in the structure of the lead-
free perovskite nanocrystals, leading to a significant improvement in the fluorescence quantum
yield.
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1. 5|18

L I A5 ERT APOX; MBI A = Cs™; X = CL, Br or DR# H ARG HITERE,  Qnm et g
M4 Gae, KT BKE, mBuiFiTs s, fl&m R, B 20 thal DORMS BIRFEL 2 st 78 1] [2] [3].
2014 4F PITCHUES 85 BRI 90K bl o ORI 4% H LB B SR A A e BR AR SHRRAE,  HL AT DLId i e AR
178 RT B 25 LR R 15 RSN BIR ZLAMA R BB, ORI AR i [4] [5]. R TCHLET X
AR A K i B R E T A L T A LB J AL R A BEA B b i, (H BT A 5 0 55 1 S5 MR AE, 552 7K
A IERZFNIR, S0 T KM RS mRRE RN 9K . BT OB Mooy &
G REE[6] (7] XRETHARS] 9] A HLEE AL 2E[10]%.

A TON U o 5 A A4 R A 1 22 1 3 B IR 2 R AR O TR R e B A . RTSTRIAE 50 R B A7 AR L
R ATCHVS AT 9K 5 TR B RE . 8 e R A IR P H — R Ge**y Sn® SREURALT B 7 Pb™ R E
BB IME11] [12] [13]. BFFCE R B ALITEEGRE R T A A2 F X AL, XA B A7BH BT (1350 70 Bt
EL A AN B A 14]0 HLSCI0AE B Sn® A FasE, WA s b Sn*s 78 Ge® i i T 3L 4s2 LTI A S
KRG Re, FALBLRE NBIR[15]. Bk, EEEMERE AR A R8RS B0 AR B AR 2L, Jfd it
Aoy TREERF LT RE, I — 8 A ROE R

PR R AL S R 4544 A,B° B X, B AL — N B0 FH 85 F A1 — A =40 BH & T R A B
AN PbY, B RRR N, &I AR E BT S AR 16]. B AiHRIE S B OSSR B 5 A4l
KmBRIH T S, BEA RIFREME[17]. SLIRFTHE SRR, K2 EOES R < (i 25
Fo E EEON AT R FARRHIE, HoREOR T - A T RREEH SEUR RO, RG] T AR Kot et
JITH RN 18] 44 2 MU LT 45 & 2 — . LR, 5 Pb BB 2451 AXESERT Cs,AgBiXs
(X=Cl. Br. DTSRRI BT 450, RIS EEATBREAHE, B384 MR CEHIARIN[19]
[20][21]o H AT AR HBIXESERE 40K 5 Sn 54 ISLIGRT 7T, 2021 4E, Zhenyu Li %5 A\ [22])@ 53 P 1155
FEH, Sn 544 Cs,AgBiCl, 1] LUK JLEAR A BB BT R . FEASZIG Fopf @i S N1, #il 4% Sn™ 15 4%
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Cs,AgBiCle XUBERT K, TSR PUR G S o Ie e RERIRE M, IR UEBRIRTHEE A5 R, I ONRTt
MUGERR" 9K fi & T T RESR A1t R %

2. SEIGER S
2.1. SEHHAFISA AR

ARSI AR 54 MERLE 1, TR EE MWL GRS T ORA HIEMFH . B
W SR KR EE T AT

Table 1. Reagents and their specifications involved in the work

= 1. IRARBEARE

2 i aiifig %
FRER4HE(Cs,CO;) 99.9% SIGMA-ALDRICH
EHIR(HC) srprat it 2R 2 R A BR A
THERHR(AgNO5) srprat it 2R R A BR A
FALER(BICIy) 99.99% Rk FHE A BR A
S8 — /KA H)(SnCl,-2H,0) >99.99% aladdin
IR HRER, >99.5% MACKLIN
14 )\Js >90.0% (GC) aladdin
bliiNics C18: 80%~90% aladdin
IR 90% ALDRICH
Eou g Seigat, >98.0% (GC) aladdin

2.2. PIRERIBIE

2.2.1. 45AY Cs,AgBiCls AKX Rl &

1) JhERHE T IR 4. 7E 100 mL () =SLESE A 8 mL 1-+/\fF, 500 uL iR, 162.8 mg HkIE
H(Cs,CO5)0 LA M R INFAE] 120°C FF454F 45 min, FEINIE] 150°C B AL Rk B (01 50 Fa 5 1 I R 4
RN

2) 7E 100 mL [ =FLEMF A 8 mL 1-+ /W&, 2 mL /iR, 2 mL A%, 200 uL $HER(EERRIKE N
12 M), 63.06 mg S ft44(BiCls), 34 mg fERHL(AgNO;). LA KM (F BN T HEH /KR 2R) FIn#kE] 120°C
TRFF 30 min, FHINFE] 200°C T RIS SR 5E Toyiie 1iE A . 75 Ny S0 R G J5 19 3.2 mL R4
AT ORI TR DG E N, JRIZBERE T 5~10 A0 J5 5 30K G Hh Pud A

3) ZEGK SR IR HR A R IR G R B B O TN SRR IE iR &85, BN
AL, 8000 rpm, 10 min TREA NJZUTIEY), HHSBAESERMIECK S LR OBRAHHR, HAE
AL, 8000 rppm, 10 min CREA N EVTIEY) . FRAGH A BUE IE e, 10,000 rpm, 10 min £2 25 F )2 1)K
Wi, PREE B Z 5053 IO AR 3T SR AR AE

2.2.2. Sn 8% Cs,AgBiCl K R F

1) JHH A T XA P 1) 2% R K it A e P2 5 48 Cs, AgBiCle 49K S 1l 45 v 1 —Ff o 76 58 2D R 2 JBE
JREEH SnCl-2H,0 JIAN AgNO;. BiCls ¥ - #4045 Sn0.125 il & 4175 29.75 mg AgNO;. 55.18 mg BiCl;
A1 11.28 mgSnCl,-2H,0; £ Sn0.25 #ll % H1°4 25.50 mg AgNO;. 47.30 mg BiCl; 1 22.57 mg SnCl,-2H,0.
FerP M5 Sn0.125. Sn0.25 H# 403 Sn 5 B A2 (Sn” Ag” Bi)JE I LU .
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2.3. PRamBIMIN SR

DR A B RS A 2, {3 PN FBER LS9 K i TSN R /N s XS AT S A Ik gl oK
an IR SE R, 0 E Al s BRSSO - WTILOp J60t BE VT BEAT B S RGBS o PSR 25 Ot e i AX
BEATRACEURO O MBS 73 ar il XN Aot T REE N TR TR TA GRS E L.

Table 2. Test instrument model and content

2. WANBERSERE

E E A0S IS I Py 2%
ST AR G®20S-TWIN TS BRI
X HHERATHAX D8 Advance X AT
AN - W W UV-3600 A - ] W
Fa/BRAS DG HEAX Fluo Time300 T/ Ui
X ST T ReiE Thermo scientific ESCAlab 250xi X B T4 A RE i

3. KBERSTR

TR A S A R # 4E Cs, AgBICle K, WEERAEAL 2 5 K e BE ARSI IR I IE e, TR AR
T, M EETYORE BRI, Wi 10)Fr, RIS T B E . KEgk
sy 1 CUGE IR R 2 JE T AE BRSO IR B, IR AT 2 R AT IE ST i B (TEM)IIN. S5 R WK 1(a)fros. /]
LAE BIGK SRR %), IR & RIGI - HE . A b A e IR 20 A B R 9K 5 RO A L 6.73 nm
N IR AT, HRSHEE Y 4~9 nm.

Figure 1. (a) TEM picture of Cs,AgBiClg nanocrystals dispersed in n-hexane; (b) Picture of Cs,AgBiClg nanocrystals
dispersed in n-hexane and insert: under 375 nm UV-light

[ 1. (a) 200°C & RHILE Cs,AgBICls #5K & TEM Bl ; (b) Cs,AgBiCls KB A HEECKRIATH, HBEANKRE
375 nm BYZRSMTRET T

N T BT Sn BAIKEEXS Cs,AgBiCle 24K i) SR AR S5 IFEMA , R 2 HILEE IE S I 77 Hh B 4
KEHAERIT b, AR EE R R AT T X b AR AT & 2(a)ME 2(0) 73 5 AN
Sn BAIRIE N Cs,AgBiClg 4K fit XRD & & LI RFR UK . 24 Sn (9B 28 BAE/ T8 T 50%0, dh ik
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iR 54l Cs,AgBiCls fRFF— 8, WA RIS E. 2R, 0T 22.94°, 32.74°(1(220) (004 )& [ AT 5 i
B 15 2 T P 38 el /s f B T A% /N A EE RS AL 0.39° 38 E] 0.60°, F£on Sn BT IIRRIIBA
Cs,AgBiClg i iAZE Ky, FF5IESE S K. AT B AME TEE0508: Ag': 1.15A. Bi'": 1.03A 1M
Sn B 1240008 Sn*t: 1.15AL Sn*': 0.69A [23][24] [25], TTLAAIET, Sn*'[AEE X Ag Al Bit 251 e i
B IR, AT AR 20N SR (0 B A0 Sn® BT o 24 Sn 4B 2% A F1] 75%H5 5 Cs,SnCl
XF R IAT T B, Cs,AgBiCls X B IRTSIERR 5, 9 Cs,AgBiClg 1 Cs,SnClg BiAHILAZPRAS, Hob
54 Cs,SnClge H1F Cs,SnClg B 5 Cs,AgBiClg Ml A 25 A1 #E( Fm3m ), Ag F1 Bi A% 5HIt—4 Sn* 1
07 HE[26]0 0.75Sn FIRE A KAT S 16 541 Cs,SnCl £F 5 AT ST UEAR EL, SBR[ /N 1 BE A LR
B 0.75Sn i Ag. Bi B T4 Cs,SnClg dh A, 512 S I T HOM K. thabh, BEAE BRI,
FTAT R P 58 B R IR B8, I BS T 1B R AR B R R AR . R RS D AT DU i 2R A X
BEAT 5L
0.894
b= Bcoséd &
Horr, 28 X WK, B RATHIE S5, 0 N TATH M. R A TG BE1(220) (004)F1(224)
{1 ¥ TR 9T SR DT B R S T35 20 R P o) L P R RS, BRI 38 15 3P 3 diokn R, 45 3R 3 B
4l Cs,AgBiCls 49K 5 P44 SRR 1N 6.92 nm, 5 TEM JIHAZE R, Sn $B4%)5 dki T4 R 2
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Figure 2. (a) XRD patterns of Cs,AgBiClg nanocrystals with different Sn doping amounts; (b) Partial
enlargement

[ 2. (a) F[E Sn #BZETHY Cs,AgBiCls K& XRD iZEl; (b) BEBHAE

Table 3. Average grain size of samples with different Sn doping levels

3. TE sn EREHBHTHRRRT

e 1 2 oA RS
Pure Cs,AgBiClg 6.92 nm
Sn0.125 3.81 nm
Sn0.25 3.80 nm
Sn0.5 3.05 nm
Sn0.75 13.27 nm
Snl.0 19.51 nm
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%} Cs,AgBiCls NCs. Sn0.25 1 Sn0.5 ¥£ah AT 7 XPS BEiEMIR, FRIE—DIAIE Sn BRI N b
o 83 B4y RIN4E Cs,AgBiClg NCs LA K Sn0.25 1 Sn0.5 FE5 ) Cs3d. Ag3d. Bidf F1 C12p HAE 43
XPS #LIEREE  AH L AL 1) Cs,AgBiCls 492K s, Sn 45 2% J5 A Cs3d #UIE [ XPS WAL FF R K A B B w2,
1M Ag3d.Bidf Fl C12p s 1) XPS WAL ERBE S 2% & (138 I 1240 7 45 A BE K W 7 [l w8 o 72 Cs,AgBiClgs
Sn0.25 F1 Sn0.5 Ff b H, Ag3ds, P18 HT45 5 REIELL 70 5 N : 367.49. 368.24. 368.24, i KmEL &N 0.75
eV Cl2ps, P HL T 45 & REVEAL 7N : 197.81. 198.35. 198.45, I AMWASH 0.64 eV. XiFH Sn 54
g R [AgCle) IE \THAR L FEE MM 7 R AR, BB TR % RN, N BETFEER K. & Sn
T»’%’% Bi4fmiit T T4 A AT 159.17 1 B I BE S sl B AN, ot I W (5717 A 158.52 eV T 159.77 eV,

SERYLIH, A [BICle]IE )\ A ) BT 5 [AgCle] 1E \ A B — B B T HRL e A6 H T

éj\ Bi ({528 T. X5 Sn* [N B4 Ag M B M sAH—5. T B'S Sn™ B P a2k, 5l
&AL AT G Bi A B\ T4 Ak i AR 22 B AOR, 3 3K Bi M HUE A R AEBE R . T #iA Sn 7E &A%
HIAN S, 2 A TR i Sn0.25 1 Sn0.5 ) Sn3d HLiE XPS K5 4HRETE , H Sn3ds, FUE IE N 53 5l 7 T~ 486.87
eV F1486.82 eV, XN THT S "A[27]. XUiH] Sn* pishithis it Ag. Bi i, X5 XRD A E
A HHE I 5 SR b — B

s \!:m Coaghicl)  [Ag . CoAm) [ T CAmI o o CroAgBICl)
| 2 159.17
2435 \o7s1
i 3 | 367.49 4
| o _ gl | \ i il
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Figure 3. X-ray Photoelectron Spectroscopy (XPS) of Cs,AgBiCl nanocrystals and Sn-doped Cs,AgBiClg
nanocrystals

& 3. Cs,AgBiCls K &N Sn 52 Cs,AgBiCl KRB X B4 L8 FREE(XPS)E
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N THRIL Sn BAKTGUK ECEEREISE I, XA FEB R ERPK ST 15850 - o] RO s i At/
BT OEIE M. ] 4(a) 2R FOERI R, AT LAE B4 Cs,AgBiCls 452K S 7E 365 nm (3.40 eV)FHiT
AIAEAE — AN R, 5 2 B AOIRIE FE A — B[ 28] 0 XA T W A = B2 bl 1 U5 £K D (Cs,AgBiXe, X
= Cl. Br. DK 45K 5 3 SHA2 0 B B 711 6s-6p BRIESIHE M. BEE ) Sn B\, 7E 335nm (3.7 eV)
BT A T A AN RSB AN B B R R B T S . T HX ARSI FE 4 Cs,SnClg A i H1 I
BA I P25 SR 3z g = AR AT BSR4 Sn BT IIHBN Cs,AgBiCly it A i 44 (1)
25/ E) . ] 4(b) 7R T Tauc plot £33 % Sn 45 24 5% i I 0% 2% 7 Bl i) 26 161 . 4 1) Cs, AgBiClg
YK BN 3.21 eV, 40K Cs,SnCle 49K B A 4.97 eV. Sn $B4% Cs,AgBiClg 51 E4NK & (177 A 15
R, XSRS Sn B Pb EASERD H—E([29]. 1 Ag. Bi#4% Cs,SnCl, (Sn0.75 F£4h) 512 Cs,SnClg
PR IRISOL IER 2 3.40 eV 4l Cs,AgBiClg 492K &5 2 B HRIE 1) 5 i A A 7 B (2.62 e V) [3014H E & 4R
T 0.59 eV H#ER, X2 T HYPURRT 51 & BR8N .

Cs,AgBiCl, 5.0 . —
—u— Eg of different amount Sn doped Cs,AgBiC
Sn0.125
Sn0.25
Sn0.5 454
’=7 Sn0.75
5 Cs,SnClg
& >
z L 4.0
= o0
8 =
=
P
3.51 3.40
L]
321 322 3.23 . 1/
» — 5
- / -
T T T T 300 T T T T T T
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(@ (b)
Cs,AgBiCl*100 ——Cs,AgBiCl;
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Figure 4. Cs,AgBiClg nanocrystals with different Sn doping amounts’ (a) UV-Vis absorption spectra; (b) The
band gap line graph drawn by the absorption edge according to the Tauc-plot; (c) Photoluminescence (PL) spectra;
(d) Time-resolved photoluminescence (TRPL) spectra

& 4. 1[E Sn BEE Cs,AgBiCl, HKMmAY(a) £5 - AT RIRWLSIERE]; (b) #RIE Tauc plot B EIRKLALLH
RHBRITERE; (o) EBRSEPL)NIERE; (d) BE LB (TRPL) A IEE

DOI: 10.12677/ms.2022.124035 347 PR R


https://doi.org/10.12677/ms.2022.124035

Hi %%

BORIEIREE 375 nm BB, NER 400 nm (KB EE B F AT 0O iR, B 40 BEAMG T
R BIREBUROCEHE OGS AT CIELAL L, 1 S UEAL T 470 nm (2.64 eV)FHIT, FAH G 12 5 5 (~141
nm), LB Sn BAENEINGE — 2R E LR ERJLE 4), kA TR SRS TR O E S .
2 ST 435 nm (2.85 eV)FiT, P EAHXT A (~23 nm), KRE T TFHREA. X LRSI
PRI TE AT LLE B9 e B S5 WIGAE — MmE, IXRIEXESEE TR - AT RS 5
W e AT A BN, A LA A B2 S AR S 25 R AR (317 2 Cs,AgBiCls 99K A 7% e AR 55,
W& Sn 4524, JEBIOGIREEIZMIE . 4 Sn IREEIAF] 0.5 B, HAOGHRE S RIFEF T 100 £ 1.
Sn0.75 BES T GIREE R R, B4 Cs,SnClg A1 Sn0.5 $54% ) Cs,AgBiCls 49K o X ULEH Sn B4%i4
F 0.5 B, PAETY RIS PR, AR T R B RR S 52 6 BRE 20 Al Bh LLA 230
EAEMESR, ORHE S TR AR S A AR

Table 4. Steady/transient spectral data of samples with different Sn doping levels
4. TE sn BREHBHR/EFSIERE

P PL V&(nm) TRPL 1 &= K 5t TRPL *F34) 7517 (ns)
0.74 ns, 31.95%; 2.43ns, 50.64%;
i 469. 4.53
Pure Cs,AgBiClg 69.36 728 s, 17.40%:
1.62ns, 57.58%; 5.87ns, 42.41%:;
0.125 468.26 471
Sn 0.17 ns, 0%;
o/ . o/ .
$10.25 46411 1.43 ns, 47.70%; 4.01ns, 40.99%; 4.99

8.98 ns, 11.30%;

1.39 ns, 43.28%; 3.93 ns, 42.90%;

Sn0.5 464.11 8.70 ns, 13.82%; 1

0.65ns, 27.32%; 2.21 ns; 51.91%;

| | 434
Sn0.75 445.74 6.61 ns,» 20.78%: >

1.31ns, 41.16%; 3.90 ns, 44.54%:;

Snl1.0 466.30 8.82 ns, 14.29%: 5.25

— blank —— blank
Cs,AgBiClg Sn0.5
~ -
= =
) &
B PLQY=3.33% iy PLQY=5.43%
£ £
3 ]
= =
Pl 5 ‘ %WWWWW TRy N A e | | v ‘IM*'M
w‘w&ﬂw{wwmwwmwmw LT WWMW
T T T T T T T T T T T T T T
400 450 500 550 600 650

T T T T T
700 750 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 5. (a) Photoluminescence quantum yield (PLQY) diagram of Cs,AgBiCls nanocrystals; (b) Photoluminescence
quantum yield (PLQY) diagram of Sn0.5 sample
[ 5. (a) Cs,AgBICls AR BEVABUL A E TR PLQY)IEE]; (b) Sn0.5 HARAIAH LA E T =R PLQY)IEE
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[ 52 2 Y WA S B2 PRI K 470 nm BEATIRZS D660 40T, FTfSBES oo aik i 4(d)fiR. %e%
Al R AT = Fe B AR E], Rk 4 Bon, BARBIMN =AUV HEME/NT 10 ns. HEFITE
FRERHT 40K i HOUL SR 21 ¥ [ BAAS BRI KOG 10 25 iy — R A (KT 100 ns), FTRARRIA, 3 LA ¥ 470 nm
RIEIEEIE T 75 PRI ILE & . BEE Sn 524 Cs,AgBiCle IKERIIN, 2tHar SO s . X%
71 Sn 145 348 R 42 B B0 710 ORI -F 255t PR ) 8], 38 hnda 5t 52 4 J L% . BL 375 nm Laser 1E A6,
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