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This work spans molecular theoretical design, interfacial self-assembly behavior analysis, substrate surface characteristic reg-
ulation, interface defect passivation and carrier dynamics evolution, and device photovoltaic performance optimization. Den-
sity functional theory calculations reveal that MPA-CPA possesses a high dipole moment of 10. 15 D and a propeller-like non-
planar configuration, enabling superior adsorption stability and assembly orderliness on the NiO, surface. Atomic force mi-
croscopy, Kelvin probe force microscopy and water contact angle measurements show that after MPA-CPA modification, the
NiO, film surface roughness decreases to 6.2 nm, the average surface potential drops to 471 mV and the water contact angle
is 67.3°, indicating improved energy level alignment with the valence band maximum of the perovskite. Through process
optimization, the device with NiO_ film modified by MPA-CPA achieves a peak power conversion efficiency of 26.21% , sig-
nificantly higher than that of the control devices. Moreover, unencapsulated devices retain 99. 5% and 88. 0% of their initial
efficiencies after 168 h of storage in ambient air (30% ~40% relative humidity) and at (65+5) °C under a nitrogen atmos-
phere, respectively. Collectively, this study establishes a robust “molecular structure-interface property-device perform-
ance” relationship, offering important experimental guidance for the design of interfacial materials toward highly efficient and
stable perovskite solar cells.

Key words ; triphenylamine; self-assembled monolayer; interface regulation; perovskite solar cells; photovoltaic performance
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Fig. 1 Gas-phase dipole moments and molecular electrostatic potential distributions of three self-assembled monolayers: (a) MeO-2PACz, (b)

Me0-4PACz, (¢) MPA-CPA
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Fig. 2 Atomic force microscopy images of NiO, thin films modified with MeO-2PACz (a) , MeO-4PACz (b) and MPA-CPA (c¢)
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JREEEG () P9 7K 2 f B
Fig. 3 Water contact angle images of bare NiO, film substrate (a) , MeO-2PACz-modified NiO, film substrate (b), MeO-4PACz-modified
NiO, film substrate (¢) and MPA-CPA-modified NiO, film substrate (d)
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Fig. 4 Kelvin probe force microscopy images of NiO, thin films modified with MeO-2PACz (a) , MeO-4PACz (b) and MPA-CPA (c¢)
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Fig.5 Four-probe linear sweep voltammetry characteristic curves of four films
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Fig. 6 Steady-state photoluminescence spectra (a) and time-resolved photoluminescence decay curves (b) of the glass/ITO/NiO,/SAMs/per-

ovskite structured samples
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Fig.7 Statistics of photovoltaic property parameters for inverted-structure perovskite solar cells modified with different self-assembled monolayers (SAMs) :

(a) short-circuit current density (Js;), (b) open-circuit voltage (V. ), (c) fill factor (FF), (d) power conversion efficiency (PCE)
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Table 1 The photovoltaic parameters of inverted perovskite solar cells employing NiO, thin films modified with different self-assembled

monolayers
Short-circuit current density/ Open-circuit A Power conversion
Sample (mA -em™2) voltage/V Fill factor/ % efficiency/ %
Pure NiO, 25.06 1.175 80.77 23.78
MeO-2PACz 25.51 1. 189 81.49 24.72
MeO-4PACz 25.64 1.193 82.03 25.09
MPA-CPA 25.70 1.204 84.71 26.21
100
25 (2] [ - - =% (o]
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201, Me0-4PACZ I =2
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FIE H W 1) H 2 B - R 2 () S 80 TR (b)

Fig. 8 Current density-voltage curves (a) and external quantum efficiency (b) for inverted perovskite solar cells employing pure NiO, film,

MeO-2PACz-modified NiO, film, MeO-4PACz-modified NiO, film and MPA-CPA-modified NiO, film
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Fig. 9  Humidity stability (a) and thermal stability (b) of unencapsulated inverted perovskite solar cells employing pure NiO, film, MeO-

2PACz-modified NiO, film, MeO-4PACz-modified NiO, film and MPA-CPA-modified NiO, film
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