%38 512 1Y) T WL MR 2 AR Vol. 38 No. 12
2023 4£ 12 H Journal of Inorganic Materials Dec., 2023

XEHS: 1000-324X(2023)12-1387-09 DOI: 10.15541/jim20230098

BRIEENRSHEFISHRY
XPHEER MPERE LA

D 2 R, ko, e

(bFHEKRF 1. RELL2HBRBRELERE; 2. Se5 A5 T825K, L% 100083)

W OE:r S OKBA AR I (PSCs) R R IR, FAE B M3 (PCE)R — FRRIHT, (ERK MR e it frfgm. HAETK
P43 1 AR A B K BH B8 P TE P R AR PR B o 58 i) o, RS i LR AR 2 (A PR, SR T LA 82 A 5 Ak
e S bl 1 B KR E MR A B 3 A5 AR R PHRE FBIb, REIRTT T A ALFHES T 5 A5 5 k0 oM 45
16y S PERE LA SRR e PRSI o SEIG 45 R, B¢ FATR Cs™ml LU s A5 R0 AT &, ER 6455 5K A/SnO, 1 ¢
FHEF, MBI TE A, BERE RO KLU IR HAFE M. CsoosMAg3sFAg¢Pbls B[ 5
PCE 4 19.34%, TE(20+5) C, MHXFIREE<S%M BREIAE 242 d 5, THIRFFHILEZEN 85%. MAPDI; HUBTE
FIREMNR A0 FE 112 d J5, R THAPIIAEN 30%. 54 FATR Cs™ B E 12 7 b Ht AR puig o .
Cs.0sMAg35FAq ¢Pbl; HLIBS> I £E(85+5) “C . HHIXHEEE 20%~30%H1(20+5) C. AHXTEEE 80%~90% ) % 3455 i il
& 96 h 5, PCE 4B NVIGHIE ) 99%F1 84%, i MAPDI, /£ [FIFE 45 T 1 PCE U WILEE I 70%H0 56%. A5
NTEA AR & R AL KRR TR A B B8 45 Bk A B B TR (L T 5% .

X% 8 A FERWORPARE ML RAPHE T KINRGEN; AR B &

RESZES: TQI74  EAFRERD: A

Performance Optimization of Ultra-long Stable Mixed
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Abstract: Perovskite solar cells (PSCs) are developing rapidly and their power conversion efficiency (PCE) has been
repeatedly refreshed, but their long-term stability still needs to be improved. At present, most of the preparation of
high-efficiency PSCs is completed in the inert gas, with high cost and limited operating space, which is not conducive
to its industrial application. Here, perovskite solar cells with mixed cation, displaying ultra-long stability, were
successfully prepared in the air. Effects of A-site cation doping on the microstructure, optoelectronic properties and
stability of the perovskite were systematically investigated. The experimental results show that FA” and Cs" co-doping

improves the quality of perovskite films, modulates the energy level arrangement of perovskite/SnO,, suppresses
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carrier complexation, and significantly improves the PCE, long-term, wet and thermal stability of the cell. The optimal

PCE of Csg9sMA35FA(¢Pbl; cells is 19.34%, maintaining 85% of the initial efficiency after reserving for 242 d in

dark environment at (20£5) C and <5% relative humidity. In contrast, the PCE of the MAPDI; cell decreased to

30% of the initial value after reserving for 112 d under the same test conditions. FA" and Cs” co-doping also

significantly improved the thermal and moisture resistance of the cells. CsgosMAg35FA(¢Pbl; PSCs remain 99% and

84% of initial PCE after aging for 96 h at (85+5) C and 20%-30% relative humidity, (20+5) C and 80%—90%

relative humidity in the dark, respectively. In contrast, PCEs of MAPbI; PSCs under the same conditions remain

only 70% and 56%. This study provides a reference for the preparation of highly efficient and ultra-long stable mixed

cation solar cells in the air.

Key words: perovskite solar cell; mixed cation; long-term stability; full-air environment preparation
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Fig. 1 Flow chart for the preparation of perovskite films and device manufacturing by two-step spin coating in the air
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Fig. 2 Crystal structures and morphologies of different samples
(a) XRD patterns; (b) Locally magnitied XRD patterns in the range of
20=12.8°-15° (c, e, g) SEM images and (d, f, h) Statistical
distributions of grain diameter for (c, d) MP, (e, f) MFP, and (g, h)
CMFP
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Fig. 3 Photovoltaic performances of PSCs
Statistical diagram of (a) PCE, (b) Js, (¢) V., and (d) FF; (e) J-V curves; (f) EQE spectra. Colorful figures are available on website
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Table 1 Photovoltaic parameters of three types of perovskite solar cells
Sample Je /(mA-cm?) Vool V FF PCE/% PCE /%
MP 21.32+0.99 0.95+0.03 0.74+0.02 15.11+£0.86 16.31
MFP 22.94+0.98 0.99+0.04 0.76+0.03 17.1840.61 18.87
CMFP 22.24+0.77 1.03+£0.03 0.78+0.02 17.83+0.33 19.34
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Fig. 4 Photoelectric properties and energy levels of three perovskite films
(a) UV-Vis absorption spectra; (b) Tauc plots; (c) PL and (d) TRPL spectra excited from the perovskite layer;
(e) Energy level schematics of three samples
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Fig. 5 Interface transmission and carrier recombination characteristics of PSCs
(a) PL and (b) TRPL spectra excited from FTO layer; (c) Dark-state EIS profiles of the device at 0.8 V
bias with inset showing an equivalent circuit diagram
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Fig. S1 UPS profiles of three perovskite films
(a) UPS full spectra; UPS spectra corresponding to the secondary electron cutoff region for (b) MP, (¢) MFP, (d) CMFP;
(e) UPS valence band spectra; UPS spectra of the valence band top region with respect to the Femi level for (f) MP, (g) MFP, (h) CMFP
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Fig. S2 XRD patterns of three perovskite thin films over time at 85 C, 20%-30% RH

(a) MP; (b) MFP; (c) CMFP
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Fig. S3 XRD patterns of three perovskite thin films over time at (20+£5) C, 80%-90% RH
(a) MP; (b) MFP; (c) CMFP
£ S1 =FIEREREM PSCs HTERESE(E 3(e)F1E S1)
Table S1 Performance parameters of three best performing PSCs (Fig. 3 (e) and Fig. S1)
Sample Joo /(mA-cm™?) Voe/ V FF PCE 1.x/% Intergrated current density/(mA-cm™2)
MP 22.87 0.97 0.74 16.34 21.87
MFP 23.48 1.05 0.76 18.66 22.71
CMFP 23.30 1.06 0.78 19.34 22.37
xS2 MBS —MIMEBRSHIL(E 40)HUEER
Table S2  Fitting results of transient spectra (Fig. 4(d)) excited from the perovskite side
Sample 7,/n8 T,/n8 B, B, Tmean/NS
MP 33.64 96.21 0.45 0.55 68.05
MFP 31.70 81.41 0.68 0.32 47.61
CMFP 26.51 77.12 0.22 0.78 65.99
& S3 M UPS BB SHITEFRIM =FIS Y EIRA Evg 7 Ecp
Table S3 Evyg and Ecg of three perovskite films calculated from UPS profiles (Fig. S1)

Sample @/eV Efg eV EvygleV E eV Ecp/eV
MP 3.74 1.59 -5.33 1.61 -3.72
MFP 4.02 1.49 -5.51 1.55 -3.96
CMFP 3.93 1.47 -5.40 1.55 -3.85

& S4 N FTO —MHMEBRASLEE 5(b)HBEER
Table S4 Fitting results of transient spectra (Fig. 5(b)) excited from the FTO side
Sample 7, /ns 7, /ns B/ B,
MP 75.22 422.18 0.47 0.53
MFP 354 21.42 0.38 0.62
CMFP 8.21 34.52 0.76 0.24
R S5 EIS(E NEIEMMEER
Table S5 Fitting results of EIS (Fig. 7) data
Long-term stability RJ(Q-cm?) R/ (Q-cm?) Riree
MP 32.40 4932 —
Before testing MFP 27.18 7261 —
CMFP 21.84 10890 —
MP 47.99 1462 0.30
After testing MFP 39.88 5430 0.75
CMFP 34.16 9173 0.84
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& S6 =T PSCs B RIREMNXFH J-V B SHE
Table S6 Relative J-V values of three PSCs after long-term stability testing
Sample FF, Vioe Jose PCE,
MP 0.54 0.85 0.63 0.30
MFP 0.90 0.94 0.92 0.81
CMFP 0.88 0.96 0.90 0.85
F ST Z=Fh PSCs £MIZTEMNIKXFH J-V HHXTEE
Table S7 Relative J-V values of three PSCs after thermal stability testing
Sample FF, Vioe Jose PCE,
MP 0.81 0.89 0.87 0.70
MFP 0.94 0.94 0.92 0.93
CMFP 0.95 0.96 0.95 0.99
& S8 =% PSCs ZBIREMMIXEH J-V EXEE
Table S8 Relative J-V values of three PSCs after wet stability testing
Sample FF, Voo Jisc PCE,
MP 0.72 0.86 0.88 0.56
MFP 0.89 0.92 0.90 0.78
CMFP 0.91 0.96 0.92 0.84




