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Experimental Section

Materials: Stannous chloride anhydrous (SnCl,, Aladdin), thiourea (CH4N,S, Aladdin),
lead bromide (PbBr,, Aladdin), cesium bromide (CsBr, Aladdin), N,N-
dimethylformamide (DMF, Sinopharm), titanium tetrachloride (TiCly, Sinopharm),
methanol (CH;0H, Sinopharm), isopropanol (C5HgO, Sinopharm),
bis(diphenylphosphino)methane (CysHpoPs, Aladdin), 1,3-
bis(diphenylphosphino)propane (Cy7Hy6P5, Aladdin), 1,5-
bis(diphenylphosphino)pentane (C,9H30P,, Aladdin), [6,6]-phenyl-C61-butyric acid
methyl ester (PCy¢;BM, Polymer), FTO glass (7 Q square™!) and carbon paste (Shanghai

Mater Win New Materials Co., Ltd) were used as supplied without further purification.

Device fabrication: The FTO/glass substrates were sequentially cleaned with cleaning
agent, deionized water, and anhydrous ethanol under ultrasonication. The cleaned FTO
substrate and SnO, QDs solution were preheated at 80 °C for 5 min. The preheated
SnO, QDs solution was spin-coated on FTO substrate at 2000 rpm for 30 s, and
annealed at 200 °C for 1 h to obtain a dense SnO, ETL. The TiO,Cl,.», modification
was performed by soaking the SnO, coated FTO glass in 40 mM TiCl, aqueous solution
at 75 °C for 30 min, and the substrates were rinsed with deionized water and ethanol,
and then dried in air at 200 °C for 30 min. The fabrication of the CsPbBr; film was
accomplished using a multistep spin-coating approach.! At last, a conductive carbon

paste was coated onto CsPbBr; layer and annealed at 90 °C for 15 min.
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Fig. S1. The cross-sectional EDS mapping images of (a) control and (b) DPPP-treated

perovskite film.
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Fig. S2. The top-SEM of (a) control and PbBr; films treated with (b) DPPM, (c¢) DPPP,

(d) DPPPE.
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Fig. S3. The cross-SEM of (a) control and PbBr, films treated with (b) DPPM, (c)

DPPP, (d) DPPPE.
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Fig. S4. Top-view SEM of (a) control and perovskite films treated with (b) DPPM, (c)

DPPP, (d) DPPPE. (e-h) Corresponding grain size statistical distribution histogram.
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Fig. S5. XRD Rietveld refinement of (a) control and CsPbBr; films treated with (b)

DPPM, (c) DPPP, (d) DPPPE.
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Fig. S6. The UV absorption spectra of different perovskite films.
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Fig. S7. Urbach energy calculation of (a) control and perovskite films treated with (b)

DPPM, (c) DPPP, (d) DPPPE.



o

2]

a | control — Control —— Control

~ ~ 6

3 3 2

& S &

Z by 4

2 2 =

) o 8

= £ <, E=2356V

249eV
18.59 eV
0
20 18, 18 17 5 4 3 2 1 0 22 3 24 25
Binding energy (eV) Binding energy (eV) hv (eV)
8
d [ —oeee e —oeer | F T prep

—~ — —6

] =] 2

& s &

z z L4

w 0 <=

ko 3 2

[= f =

- = 166 eV <, EF235eV

17.50 eV
0
19 18 17 16 5 4 3 2 1 22 23 24 25
Binding energy (eV) Binding energy (eV) hv (eV)

Fig. S8. (a) Secondary electron cut-off, (b) onset binding energies, (c) the calculation

of the bandgap of control perovskite film. (d) Secondary electron cut-off, (e) onset

binding energies, (f) the calculation of the bandgap of DPPP added perovskite film.
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Fig. S9. Energy band diagram with and without DPPP treated.
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Fig. S10. (a) V. deacy curves and (b) electron lifetime (z,) plots of different PSCs.
The 7, was calculated using the following equation:

1, = - (kT/e) x (aV, /dt) " 1)
where £ is the Boltzmann constant (1.38 x 10-23 J/K), e is the elementary charge (1.6 x

10" C) and T is the absolute temperature (298.15 K).
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Fig. S11. The J' curves of different PSCs.
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Fig. S12. Mott-Schottky (M-S) curves of different PSCs.
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Fig. S13. Water contact angles of (a) control and perovskite films treated with (b)

DPPP.
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Fig. S14. J-V curves of the CsPbBr; PSCs fabricated with different concentrations of

DPPM molecules.
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Fig. S15. J-V curves of the CsPbBr; PSCs fabricated with different concentrations of

DPPP molecules.
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Fig. S16. J-V curves of the CsPbBr; PSCs fabricated with different concentrations of

DPPPE molecules.
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Fig. S18. Steady-state output curves of various CsPbBr; PSCs.
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Fig. S20. Normalized PCE stability of the unencapsulated PSCs under 80 °C, 80%

RH conditions.
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Fig. S21. The initial J-V curves of unencapsulated PSCs for stability tests under

conditions of (a) high temperature, (b) high humidity, (c) high temperature and high

humidity and (d) continuous LED illumination.
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Table S1. The Ey value of perovskite films with and without the addition of DPPs.

Samples Ey (eV)
Control 1.35
DPPM 1.28
DPPP 1.16
DPPPE 1.19

The Ey was calculation was computed using the data obtained from curve fitting, using

the following equation:

2)
where a is the absorption coefficient as a function of photon energy /v (usually 21.22
eV), oo is the characteristic parameters of CsPbBr; (usually 5x10* cm™), E, is is the

optical band-gap of the CsPbBr; perovskite (2.35 eV).
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Table S2. Energy band structure data of control and DPPP-treated perovskite films.

Samples Ecut—off (GV) Eonset (CV) EVB (CV) Eg ECB WF (GV)
Control 18.59 2.49 -5.12 2.35 -2.77 2.63
DPPP 17.50 1.66 -5.38 2.35 -3.03 3.72

The work function (Wr) can be calculated by equation: Wy = hv — Eyor, Where hv is
the excitation energy of UPS light source (usually 21.22 eV), E .o is the binding
energy of the secondary electron cutoff edge.

The valence band top Eyg and the conduction band bottom Ecg are expressed as follow
equations: Eyg = — (Wg + Eonser) and Ecg = Eyp + E,, Where Eo is the starting edge

energy, E, is the optical band-gap of the perovskite.
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Table S3. Carrier lifetime parameters of perovskite films with and without the addition

of DPPs.

Samples Tave (NS) 71 (ns) Ay (%) 7, (ns) As (%)
Control 0.62 0.08 28.01 0.82 71.99
DPPM 0.66 0.09 45.26 1.13 54.74
DPPP 1.87 5.32 25.37 0.61 74.63
DPPPE 0.83 0.13 25.06 1.06 74.94

The TRPL decay curves are fitted using a biexponential function as the following:

[=ae T g TR

3)
where / is the PL intensity, r;and 7, correspond to the fast decay time of the defect-

induced non-radiative recombination and the low decay time of radiative

recombination, respectively, and 4 and B are the corresponding decay constants.

The 7,,. can be calculated using the following equation:
2 2
Tave = (A1T1 + AZTZ)/(A1T1 +4,15) 4)
where 7; is the non-radiative fast decay lifetime, 7, is the radiative recombination slow

decay lifetime, and 4, and 4, represent the amplitude.
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Table S4. The Vg, N,, and u. value of electron-only devices with and without the

addition of DPPs.
Samples VrrL (V) N; (10" cm??) te (104 cm? V-1 g1
Control 1.382 9.330 8.7
DPPM 1.332 8.993 11.1
DPPP 1.264 8.534 12.4
DPPPE 1.294 8.736 10.9

The N, was estimated from the trap-filled limited region using the following equation:

2V rpLE€g

t

qL* (5)
where VgL, €, €, and L represents the voltage onset in the trap-filled limited region,
relative dielectric constant (22), vacuum permittivity (8.85x10-12 F m!), and L is the
thickness of the film (550 nm), respectively.

The u. calculation was computed using the data obtained from curve fitting, using the
following equation:

8/pL>

9€£0V2 (6)

where Jp, V represents the dark current density, applied voltage, respectively.
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Table S5. Photovoltaic performance of CsPbBr; PSCs with different concentrations of

DPPM.
Samples Jye (MA cm™2) Voe (V) FF (%) PCE (%)
Control 7.60 1.619 79.48 9.78
0.1 mg/mL 7.68 1.632 80.74 10.12
0.3 mg/mL 7.73 1.656 81.17 10.39
0.7 mg/mL 7.65 1.623 80.06 9.94
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Table S6. Photovoltaic performance of CsPbBr; PSCs with different concentrations of

DPPP.
Samples Jye (MA cm™?) Voe (V) FF (%) PCE (%)
Control 7.60 1.619 79.48 9.78
0.1 mg/mL 7.72 1.679 81.55 10.57
0.3 mg/mL 7.88 1.707 83.48 11.23
0.7 mg/mL 7.65 1.638 80.77 10.12
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Table S7. Photovoltaic performance of CsPbBr; PSCs with different concentrations of

DPPPE.
Samples Jye (MA cm™?) Voe (V) FF (%) PCE (%)
Control 7.60 1.619 79.48 9.78
0.1 mg/mL 7.70 1.648 80.61 10.23
0.3 mg/mL 7.76 1.679 82.35 10.73
0.7 mg/mL 7.65 1.620 80.21 9.94
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Table S8. Representative photovoltaic data for the inorganic CsPbBr; perovskite solar

cells.
Year Devices JSCCIr(ln;)A g‘;; (lj/lj) lz;)l)g Ref.
2024 FTO/Sn0O,/CsPbBrs-DPPP/carbon 7.88 1.707 83.48 11.23 VTVES(
2024 FTO/PAA-SnO,/PAA/CsPbBry/carbon 7.93 1.674 81.59 10.83 2
2024 FTO/TiO,/G/CsPbBry/carbon 8.07 1.590 8292 10.64 3
2024 FTO/SnO,/TPA/CsPbBry/carbon 8.09 1.672 83.04 1123 4
2024 FTO/SnOy/TiOCly.,/NH,4CI-CsPbBrs/carbon 7.96 1.650 80.80 10.61 5
2024 FTO/Sn0O,/CsPbBr3y/CuS-MXene/carbon 7.76 1.629 83.14 1051 6
2024 FTO/TiO,/CsPbBry/MBA/CQDs/carbon 7.82 1.613 8246 1040 7
2023 FTO/Ti04/ZnO/CsPbBry/carbon 9.01 1.580 75.00 10.67 8
2023 F TO/C'TiOZ/”SgiSOé%S/II;EaBrﬁé (nWSZ/AgIHSSS) 749  1.627 84.03 1024 9
2023 FTO/TiOo/DTPT/CsPbBry/DTPT/carbon 8.52 1574 83.67 1121 10
2023 FTO/Sn0O,/CsPbBry/carbon 7.87 1611 79.75 1011 11
202 F TO/C'TiOZ/’”'CTEOS/SI?;ESI?S/CSPbBr3'Br' 784  1.651 8336 1079 12
2022 FTO/Sn0,-SnS,/CsPbBry/carbon 7.80 1.635 84.04 1072 13
2022 FTO/C‘&%S;J(?%EE“““CL 7.83 1.650 82.99 1071 14
2022 FTO/TiO,/CsPbBr;/ReSe,/carbon 7.92 1.622 83.06 10.67 15
2022 FTO/c-TiOy/m-TiO,/CsPbBry/DCC/carbon 7.79 1.611 8096 10.16 16
2022 FTO/c-TiOo/m-TiO,/ASF/CsPbBrs/carbon 7.47 1.615 83.56 10.08 17
2021 2X/CstBli;-?"/ifgzoéijjfzx(ilélx/carbon 7.87 1.702 8270 11.08 18
2021 FTO/L-TiO,/CsPbBry/carbon 7.58 1.675 84.60 10.75 19
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2016 FTO/c-Ti0,/CsPbBr/Spiro-MeOTAD/Au 5.65 1.536 6240 542 41

2015 FTO/m-TiO,/CsPbBr;/Spiro-MeOTAD/Au 6.24 1280 74.00 595 42
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Table S9. Hysteresis J-V curves of control and DPPP-treated PSCs.

Samples Je(mMA cm?) Vo (V) FF(%) PCE (%) HI (%)
Control-Reverse scan 7.60 1.619 79.48 9.78
Control-Foeward scan 7.66 1.378 58.45 6.17 3091

DPPP-Reverse scan 7.88 1.707 83.48 11.23
DPPP-Forward scan 7.95 s 730 899
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Table S10. The fitting parameters of R.. and R of devices with and without the

addition of DPPs were determined using the Z-View software. The R, and R were

obtained from the Nyquist plot under dark and light conditions, respectively.

Samples Riec (Q) Ry (Q)
Control 387.6 820.7
DPPM 2985 703.4
DPPP 9113 665.5
DPPPE 2687 719.7
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