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Fig. 1. SEM images of (a) control perovskite film, (b) perovskite film with PDADI single-modification, (c) perovskite film with

PDADI dual-modification; (d) the column chart of corresponding sizes counted by the SEM images.
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Fig. 2. AFM images of perovskite film: (a) Control perovskite film; (b) perovskite film with PDADI single-modification; (c¢) per-

ovskite film with PDADI dual-modification.

40.85°

-
-

25.92°

6
n..

B 3 NiO, XAk a ok Ef e (a) £BHi1 NiO,;

T NiO, B9 455K A % ; (e) PDADI &4 NiO, 145 £k B 1 Hi I

(b) PDADI #1fi i) NiO; (c) ARAEMi M 856k 5 W 15 ; (d) PDADI &

Fig. 3. Water contact angle images of NiO, and perovskite surfaces: (a) Control NiO, film; (b) NiO, film with PDADI modified;
(c) control perovskite film; (d) perovskite film with PDADI single-modification; (e) perovskite film with PDADI dual-modification.
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Fig. 4. XRD patterns of control perovskite film (black
square dotted line), perovskite film with PDADI single-
modification (red dotted line), perovskite film with PDADI

dual-modification (blue triangle dotted line).

SRS IR RS XTS5 40T AR ER P RS2

FRA T fife PDADI 847 % 55 £K ™y 5 2 T
i T2 G P AT A A T S
PIESERT RS T PL R TRPL Mt (& 5(a),
(b)). M 5(a) ATLLFE H, FH ELARAE W ESERTHE 0,

3.2

23k PDADI BB IS ERHE 5 19 PL W58 5
W55, 243t PDADI B840 i A AL B 2 g
i 2 ELAG 5 (R L AT B ERE ), 40 PDADI W&
i S BR AR  PL 0GR B — 2D ek 55 . X 1 B
PDADI 80864k T 85Eka™ K 1 Sk, 6 mFn]
DAPRHE MBS R A g B L R
E 5(b) B b SRS IS B ES B A i 1)
TRPL . 7 LA 1, PDADI XU i () 55 5k 57 k¢
ai ELAT SR PL 2 gl R, Bt — 2, L
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T4 NiO,, i 45 k™ WL, W (5 = f1 i i 2% 9 PDADT A& 4 NiO 15 £ i) 17 54

Fig. 5. (a) PL and (b) TRPL spectra for control perovskite film (black square dotted line), perovskite film with PDADI single-modi-
fication (red dotted line), perovskite film with PDADI dual-modification (blue triangle dotted line).

£ 1 REMESET WAL (Control) . PDADI &4 NiO 1554k 0 WiAR (Single-modification) ., PDADI f&4fi NiO,, Fl%5
BB R (Dual-modification) [ TRPL JGigil &S5

Table 1.  Fitted parameters of control perovskite film, perovskite film with PDADI single-modification, perovskite film with
PDADI dual-modification from TRPL spectra.
T /ns Ay T,/ns A, Tiverage/ 1S
Control 149.17 23.40 2089.05 1.16 311.27
Single-modification 228.55 14.99 1528.54 0.82 295.77
Dual-modification 183.4 28.71 991.57 1.37 220.21
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I %4 (311.27 ns), 203K T 15.5 ns
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IEAS -V -RZRINIE 6 A, 4t ot R IX Ik I%
i BT PR BOCRRE M 1 . 4 s e o R P A SR T
FRALE (Vopp) P05 ET, FLUIE B HGR, axX R W6k

W5 8t se. IE 6 7T LU i, KR8 M6 8 1

PDADI FABAT BB a4 1) i 25 S e il PR P
JE (Vippr) 43504 0.64 V, 0.43 V #1 0.31 V. 7EH
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T 2526 44

o QSZ(LZTFL7 3)
Horp L850 WA BT R, FESL N L2
500 nm; e NFEAHL T (1.602x1010 C); e M AN}
A HLH R 46.9P7; o S HLZS A LR R (8.8542
10 " F/em). i (3) AATDMGHAREMi g4 . PDADI
BAL BT i OB B T A A A N, R 1,32
106 cm 3, 8.92x10% cm 3 Fl 6.43x 10 cm 3. a5t

10-2 f m Control
e Single-modification
10-3F 4 Dual-modification

Vrp, =0.31'V

Current/mA

VrpL = 0.43 V

— VrrL = 0.64 V

0.01 0.1 1
Voltage/V

K6 FSERT R AY SCLC Mgk, Hrh B a5 mith 4 Ak
A 19 85 BRI, 41 (2 [ 45 i 28 D9 PDADI 24 NiO, 9
FEECH I, 8K (0 = A s 208 PDADI 24 NiO,, 155 4k
1 7 5

Fig. 6. SCLC results for control perovskite film (black
square dotted line), perovskite film with PDADI single-
modification (red dotted line), perovskite film with PDADI
dual-modification (blue triangle dotted line).
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Fig. 7. (a) UPS spectra of NiO, film (black square dotted line), NiO, film with PDADI modified (red dotted line); (b) UPS spectra
of control perovskite film (black square dotted line), perovskite film with PDADI single-modification (red dotted line), perovskite

film with PDADI dual-modification (blue triangle dotted line); (c) energy band structure of various films.
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Fig. 8. (a) Forward and reverse scan J-V curves; (b) J,. boxplot diagram; (c) V. boxplot diagram; (d) FF boxplot diagram;

(e) PCE boxplot diagram; (f) V.. versus light intensity curve; (g) EQE curve; (h) stability testing of unencapsulated devices at a

temperature of 25 °C and humidity <20%. The black curve represents control perovskite cells; the red curve represents perovskite

cells with PDADI single-modification; the blue curve represents perovskite cells with PDADI dual-modification.

# 2  ARBWHHESEKT W PDADI &M NiO, WA5EkT #E . PDADI &M NiO, FESELA BT IE 4 J-V i

HUPSRES 5

Table 2. Specific parameters of forward and reverse scanning J-V curves of control perovskite film, perovskite film with
PDADI single-modification, perovskite film with PDADI dual-modification.

Voo/V Jio/ (mA-cm?) Fill factor/% Efficiency /%
Forward 1.02 25.04 73.02 18.80
Control

Reverse 1.04 25.16 81.19 21.34

Forward 1.05 25.19 77.99 20.81
Single-modification

Reverse 1.06 25.24 82.89 22.27

Forward 1.09 25.34 82.25 22.55
Dual-modification

Reverse 1.09 25.36 84.15 23.19
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Abstract

Inverted (p-i-n) perovskite solar cells (PSCs) are receiving increasing attention due to their high conversion
efficiency and good stability. The main factor restricting the efficiency improvement of inverted perovskite cells
is the interface defect between the perovskite layer and the charge transport layers. Therefore, the dual
modification strategy of 1, 3-diaminopropane dihydroiodide (PDADI) passivates the interface defects between

perovskite films and charge transport layers, improves the quality of perovskite film formation, suppresses non

radiative recombination between perovskite films and 30

charge transport layers as well as improved charge carrier T o5k

transport, and results in a conversion efficiency of 23.19%. E

Furthermore, the unencapsulated PSCs with PDADI dual § 207

modification also exhibit good storage stability, with ‘g 15 1 ‘j; ;ggg mA /om?

efficiency remaining at 96% of initial efficiency after 600 % b ggﬁ‘g;‘r’g’%

hours of storage at a temperature of 25 °C and humidity g

below 20%. Therefore, PDADI dual modification provides S °

an effective strategy for fabricating high-efficiency and o 0 01 o6 os 1o 1o
stable inverted perovskite solar cells. Voltage/V

Keywords: inverted, perovskite solar cells, defects passivation, 1, 3-diaminopropane dihydroiodide
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