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Materials and Methods 
Materials

[4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic Acid (Me-4PACz), Lead 
iodide (PbI2, 99.9%), lead bromide (PbBr2, 99.9%) were purchased from TCI. 
Formamidinium iodide (FAI, 99.9%) and cesium iodide (CsI, 99.9%) were purchased 
from Alfa Aesar. C60 (99.9%), bathocuproine (BCP, 99.9%) were purchased from 
Xi’an Polymer Light Technology. All other solvents were purchased from Sigma-
Aldrich. To form methylammonium-free wide-bandgap perovskite precursor solutions, 
CsI, FAI, PbI2 and PbBr2 were prepared in the way corresponding to the exact 
stoichiometry for the hybrid perovskite composition[i.e. CsxFA1-xPb(I1-yBry)3; (i) for 
1.65 eV cells, x = 0.20 and y = 0.20, abbreviated as Cs20Br20; (ii) for 1.79 eV cells, x = 
0.20 and y = 0.45, abbreviated as Cs20Br45; (iii) for 1.91 eV cells, x = 0.15 and y = 0.65, 
abbreviated as Cs15Br65] in a mixed organic solvent system of N, N-dimethylformamide 
(DMF): dimethyl sulfoxide (DMSO) at the volume ratio (4:1).

Film deposition, surface passivation, and solar cell fabrication
Indium tin oxide (ITO) coated glass substrates were cleaned in a series of 

ultrasonic cleaning baths using deionized water, acetone and isopropanol in the 
sequence. Immediately, substrates were dried with compressed nitrogen and then 
treated with UV-Ozone for 15 minutes before use. After cleaning procedure, Me-
4PACz (0.5 mg mL-1 in ethanol) was deposited onto the substrate at 3,000 rpm for 30 
s, followed by thermal annealing at 100℃ for 10 min. The perovskite precursor was 
deposited in a nitrogen-filled glovebox, starting at 1,000 rpm for 5 s then 5,000 rpm for 
30 s. Before the end of the spinning process, a solvent-quenching method was used by 
dropping ether of 300 μL onto the spinning substrates. The thermal annealing process 
was then carried out at 100℃ for 10 minutes for the formation of the perovskite layer.

For the PT/PDAI2 devices, 6 mM PT was dissolved in isopropanol solvent. Then, 
100 μL mixed solution was filtered and dynamically spin-coated on the perovskite films 
at 4500 rpm for 20 s, followed by annealing at 100°C for 5 min. The solar cells were 
completed by thermal evaporation of C60 (20 nm) and BCP (7 nm) and Cu electrodes 
(100 nm) under high vacuum (5×10–4 Pa) using a thermal evaporator placed in nitrogen-
filled glovebox.

Characterizations
Current-density-voltage (J-V) characteristics. The J-V characteristics were 

measured in a nitrogen glovebox at room temperature using a Keithley 2401 digital 
source-meter under simulated AM 1.5 G irradiation from a Xe arc lamp (Sciencetech 
A1 Light Line Class AAA solar simulator). The light intensity was calibrated by a 
Sciencetech SCI-REF-Q silicon cell from before measurement, and no preconditioning 
was applied. The scanning step was 20 mV with a scanning rate of 70 mV/s. The active 
area of the solar cells was defined by an opaque metal mask with an aperture area of 
0.07 cm2.



Fig. S1. Molecule of Potassium Thioglycolate (PT). (White: hydrogen, grey: carbon, 

red: oxygen, yellow: sulfur, dark red: potassium)

Fig. S2. SEM top-view images taken from control and PT/PDAI2-treated films.

Fig. S3. XRD patterns of perovskite thin films for control and treated with PT/PDAI2. 



Fig. S4. PL spectra of the pristine and PT-modified perovskite films from top surface. 

Fig. S5. KPFM map and corresponding statistical distribution of surface potential for 

pristine and PT-modified perovskite films from top surface.



Fig. S6. (a) TRPL spectra of perovskite films with different treatments. (b) Br 3d XPS 

spectra of perovskite surface with different treatments.

Fig. S7. UPS spectra of perovskite films with different treatments.



Fig. S8. A comparison of differences in the energy level between the valence band 

maximum and Fermi level for perovskite surface with different treatments obtained 

from UPS results.

Fig. S9. J-V characteristic of the UWBG PSC based on different surface treatments.



Fig. S10. Photovoltaic bandgap values determined by inflection points of EQE curves.

Fig. S11. Light-intensity dependence of VOC measurement related to pristine and 

Cs15Br65 devices.



Fig. S12. SCLC analysis for hole-only devices for control and PT/PDAI2-treated 

devices.

Fig. S13. Electrochemical impedance spectroscopy (EIS) plots for control and 

PT/PDAI2-treated devices.



Fig. S14. Mott-Schottky curves of C-V measurement for control and target devices.

Fig. S15. Electroluminescence (EL) spectra of the Cs15Br65 PSCs under the different 

bias.

Fig. S16. Detailed analysis of VOC loss for target and control devices.



Fig. S17. PCE of unencapsulated devices as a function of measurement time under 

~55°C in N2.

Table S1. Summary of carrier lifetimes. PL lifetimes based on a biexponential fitting 

of curves.

Treatment 𝜏1 𝜏2 〈𝜏〉
Pristine 45.4 ns 167.0 ns 90.3 ns

PT 70.2 ns 259.8 ns 172.3 ns
PDAI2 61.0 ns 216.3 ns 133.7 ns

PT/PDAI2 89.6 ns 309.1 ns 195.2 ns
PDAI2/C60 (C60 side) 3.2 ns 38.6 ns 16.1 ns

PT/PDAI2 /C60 (C60 side) 37.3 ns 115.7 ns 60.4 ns

Table S2. Device performance of the UWBG PSCs.

Treatment
VOC

(V)

JSC

(mA cm-2)

FF

(%)

PCE

(%)

Pristine Forward 1.3396 14.83511 56.0607 11.14098

Reverse 1.34761 14.77048 70.34792 14.00266

PT Forward 1.33917 13.01678 71.82067 12.51953

Reverse 1.34478 12.79329 76.84819 13.22105

PDAI2 Forward 1.36418 14.30756 77.73369 15.29419

Reverse 1.36418 14.06975 79.77507 15.44645

PT/PDAI2 Forward 1.4443 14.11118 81.81786 16.67517

Reverse 1.44382 14.38088 81.25213 16.87068



Table S3. Corresponding PV performance parameters obtained for PT/PDAI2-treated 

solar cells shown in Fig. 4 using Cs15Br65 (i.e., 1.91 eV) as the light absorbers.

Cs15Br65 VOC (V) JSC (mA cm-2) FF (%) PCE (%)
FB-SC 1.4443 14.11118 81.81786 16.67517

SC-FB 1.44382 14.38088 81.25213 16.87068

FB-SC 1.36418 14.30756 77.73369 15.29419

SC-FB 1.36418 14.06975 79.77507 15.44645

Table S4. Corresponding PV performance parameters obtained for PT/PDAI2-treated 

solar cells shown in Fig. 4 using Cs20Br45 (i.e., 1.79 eV) as the light absorbers.

Cs20Br45 VOC (V) JSC (mA cm-2) FF (%) PCE (%)
FB-SC 1.36908 17.17021 81.343 19.21026
SC-FB 1.37716 17.14027 82.7096 19.60961
FB-SC 1.31099 17.15411 80.3105 18.06094
SC-FB 1.32526 17.09719 82.03297 18.58721

Table S5. Corresponding PV performance parameters obtained for PT/PDAI2-treated 

solar cells shown in Fig. 4 using Cs20Br20 (i.e., 1.65 eV) as the light absorbers.

Cs20Br20 VOC (V) JSC (mA cm-2) FF (%) PCE (%)
FB-SC 1.23654 21.4521 83.19177 22.03904
SC-FB 1.24241 21.45792 84.72108 22.53371
FB-SC 1.21297 21.2308 82.62292 21.2751
SC-FB 1.22017 21.23282 84.08526 21.75852



Table S6. Summary of representative reports on performance of 1.63-2.00 eV wide-

bandgap inverted PSCs.
Eg/ eV VOC/ V JSC/mA cm-2 FF/ % PCE/ % Reference

1.63 1.24 22.9 77.8 22.1
Advanced Materials 2022, 

34 (6), 2106280.
1

1.65 1.127 21.69 82 20.04
ACS Energy Letters 2021, 

6 (8), 2735-2741.
2

1.65 1.23 21.2  83.8 21.9
Nature Photonics 2022, 16 

(8), 588-594.
3

1.65 1.221 21.5 83.3 21.9
Advanced Energy 

Materials 2023, 13 (2), 
2203230.

4

1.65 1.25 21.93 79.48 21.80
Joule 2023, 7 (6), 1363-

1381.
5

1.65 1.242 21.45 84.72 22.53 This Work

1.66 1.26 21.60 81.60 22.19
Nano Letters 2023, 23 (14), 

6705-6712.
6

1.66 1.23 20.74 84.33 21.47
Advanced Functional 

Materials 2023, 33 (30), 
2300860.

7

1.66 1.27 21.14 83.13 22.40
Advanced Materials 2024, 

36 (1), 2307987.
8

1.67 1.195 21.11 81.88 20.64
ACS Nano 2022, 16 (7), 

10798-10810.
9

1.67 1.19 22.33 81.69 19.76
Advanced Materials 2022, 

34 (27), 2201451.
10

1.67 1.262 20.9 82.7 21.8
Advanced Materials 2024, 

36 (9), 2307701.
11

1.67 1.21 22.40 82.30 22.31
Advanced Functional 

Materials 2023, 33 (11), 
2214381.

12

1.67 1.26 19.6 84.0 20.6
Science 2024, 384 (6697), 

767-775.
13

1.67 1.272 21.09 82.01 22.00
Advanced Energy 

Materials 2024, 14 (7), 
2302983.

14

1.68 1.239 21.16 82.50 21.63
Angewandte Chemie 

International Edition 2023, 
62 (11), e202216668.

15

1.68 1.25 21.5 84.5 22.7
Science 2023, 382 (6668), 

284-289.
16

1.69 1.21 20.30 82.1 20.18
Joule 2022, 6 (10), 2390-

2405.
17



1.69 1.25 20.7 84.2 21.7
Advanced Materials 2024, 

36 (9), 2307701.
11

1.71 1.20 20.81 85.4 21.31
Advanced Materials 2023, 

35 (28), 2301879.
18

1.72 1.29 18.0 84.8 19.7
Advanced Materials 2024, 

36 (9), 2307701.
11

1.73 1.26 18.44 77.82 18.08
Nature Photonics 2021, 15 

(9), 681-689.
19

1.73 1.312 18.89 81.6 20.22
Energy & Environmental 

Science 2023, 16 (5), 2080-
2089.

20

1.75 1.33 18.7 82.2 20.3
Science 2022, 378 (6626), 

1295-1300.
21

1.77 1.113 15.4 82.4 14.1
Joule 2020, 4 (7), 1594-

1606.
22

1.77 1.31 17.80 79.18 18.46
Nature 2023, 618 (7963), 

80-86.
23

1.77 1.339 16.65 84.65  18.88
Energy & Environmental 
Science 2024, 17 (1), 202-

209.

24

1.78 1.35 17.65 83.11 19.83
Energy & Environmental 

Science 2023, 16 (12), 
5992-6002.

25

1.79 1.25 16.9 83.0 17.6
Advanced Materials 2022, 

34 (11), 2108829.
26

1.79 1.26 17.90  78.9 17.80
Nature Energy 2022, 7 (3), 

229-237.
27

1.79 1.33 17.3 83.9 19.3
Nature 2023, 613 (7945), 

676-681.
28

1.79 1.35 17.39 83.07 19.5
Energy & Environmental 

Science 2024, 17 (24), 
9580-9589.

29

1.79 1.37 17.14 82.70 19.60 This work

1.8 1.263 17.4 79.7 17.7
Advanced Materials 2022, 

34 (26), 2110356.
30

1.8 1.34 18.2 83.9 20.3
Advanced Materials 2024, 

36 (6), 2307743.
31

1.81 1.35 17.5 82.7 19.6
Nature Energy 2024, 9 (4), 

411-421.
32

1.85 1.34 15.60 81.00 16.80
Nature 2022, 604 (7905), 

280-286.
33

1.85 1.360 16.21 83.21 18.14
Advanced Materials 2024, 

36 (17), 2306568.
34

1.85 1.350 16.78 83.29 18.87 Advanced Materials 2023, 35



35 (49), 2305946.

1.86 1.280 14.00 78.20 14.00
Nature Communications 

2019, 10 (1), 4686.
36

1.86 1.420 14.39 82.00 16.72
Advanced Functional 

Materials 2022, 32 (43), 
2207554.

37

1.86 1.223 16.35 79.62 15.92
Nano-Micro Letters 2020, 

12 (1), 170.
38

1.86 1.366 16.10 84.20 18.52
Joule 2024, 8 (9), 2554-

2569.
39

1.87 1.260 17.16 80.14 17.37
Science Bulletin 2019, 64 

(23), 1743-1746.
40

1.87 1.210 13.42 81.36 13.16
Advanced Energy 

Materials 2020, 10 (6), 
1903085.

41

1.87 1.27 14.2 76 13.7
Journal of Materials 

Chemistry A 2023, 11 (19), 
10254-10266.

42

1.88 1.180 15.80 72.70 13.60
Advanced Energy 

Materials 2019, 9 (25), 
1900896.

43

1.88 1.310 15.81 82.88 17.16
Advanced Functional 

Materials 2023, 33 (8), 
2212599.

44

1.88 1.36 16.1 83.8 18.4
Nature 2024, 635 (8040), 

860-866.
45

1.89 1.150 16.82 75.73 14.69
Joule 2019, 3 (10), 2485-

2502.
46

1.89 1.280 15.00 77.00 14.80
ACS Applied Materials & 
Interfaces 2019, 11 (46), 

43303-43311.

47

1.91 1.44 14.38 81.2 16.87 This work

1.92 1.27 14.8 78.1 14.7
Advanced Science 2022, 9 

(28), 2200445.
48

1.92 1.39 14.3 83.5 16.2
Advanced Materials 2024, 

36 (49), 2410692.
49

1.92 1.35 15.1 83.7 17
Advanced Energy 

Materials 2023, 13 (16), 
2204347.

50

1.97 1.44 12.8 83 15.3
Nature Energy 2024, 9 (1), 

70-80.
51

2.00 1.31 13.5 75.9 13.4
Nature 2023, 618 (7963), 

74-79.
52



Table S7. Efficiency parameters of unencapsulated devices as a function of 

measurement time under~55°C in N2.
Target/Time 

(h)
VOC (V)

PCE

(%)

FF

(%)

JSC 

(mA/cm2)

Control/Time 

(h)
VOC (V)

PCE

(%)

FF

(%)

JSC 

(mA/cm2)

Sample1/12 1.43015 16.34074 81.92694 13.94641 Sample412 1.39607 14.5406 74.16718 14.04314

Sample2/12 1.40183 15.50678 79.82269 13.85798 Sample5/12 1.40118 14.50809 76.77603 13.48625

Sample3/12 1.4105 15.45611 81.24302 13.48783 Sample6/12 1.39471 14.22525 77.66716 13.1322

Sample1/36 1.40693 15.42206 80.49062 13.61832 Sample4/36 1.36535 14.09469 75.83913 13.6119

Sample2/36 1.39394 15.41546 80.70947 13.70209 Sample5/36 1.37499 14.06851 73.87376 13.85028

Sample3/36 1.40046 15.39058 81.25783 13.52446 Sample6/36 1.3872 13.86073 70.64615 14.14359

Sample1/60 1.41712 15.37466 80.56643 13.46618 Sample4/60 1.38178 13.70076 75.01674 13.21745

Sample2/60 1.39025 15.30399 81.43427 13.5177 Sample5/60 1.37915 13.69181 74.76406 13.27872

Sample3/60 1.40679 15.23311 79.97714 13.53919 Sample6/60 1.37506 13.48239 74.67055 13.13095

Sample1/84 1.41023 15.15669 78.77639 13.64325 Sample4/84 1.35926 13.3194 71.94906 13.61936

Sample2/84 1.3965 15.10377 79.6725 13.57485 Sample5/84 1.38228 13.16665 67.25276 14.16341

Sample3/84 1.39098 15.09873 78.80291 13.77453 Sample6/84 1.37602 13.09798 71.99076 13.22214

Sample1/108 1.41508 15.06537 80.75158 13.184 Sample4/108 1.38226 13.09652 71.23416 13.30079

Sample2/108 1.40782 15.0313 77.50971 13.77502 Sample5/108 1.37921 13.04209 75.11616 12.58881

Sample3/108 1.41469 14.95105 80.72073 13.09259 Sample6/108 1.37255 12.85968 70.23663 13.33946

Sample1/132 1.39499 14.94899 80.59223 13.29679 Sample4/132 1.36689 12.79586 68.70295 13.62577

Sample2/132 1.41323 14.91036 80.04152 13.18133 Sample5/132 1.35785 12.74176 73.45903 12.7742

Sample3/132 1.37272 14.64928 81.56212 13.08415 Sample6/132 1.3763 12.68897 71.95711 12.81271

Sample1/156 1.40654 14.30395 78.29524 12.98877 Sample4/156 1.36837 12.38105 69.23223 13.06912

Sample2/156 1.37485 14.13692 77.45033 13.27632 Sample5/156 1.37372 12.26953 72.01712 12.40205

Sample3/156 1.33612 13.71925 80.36396 12.77684 Sample6/156 1.36178 12.17763 67.93375 13.16349
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