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Experimental Section

Materials

All chemicals were purchased and used directly without further purification. Formamidine iodide (FAI, 

99.5%) was gained from Greatcell Solar Materials Pty Ltd. Methylammonium iodide (MAI, 99.5%), 

methylammonium chloride (MACl, 99.5%), cesium iodide (CsI, 99.999%), phenyl-C61-butyric acid 

methyl ester (PC61BM, 99.9%), C60 (99.5%), Bathocuproine (BCP, 96%), and piperazinium diiodide 

(PDI, 99.5%)were purchased from Xi’an Yuri Solar Co., Ltd. PbI2 (99.999%) was purchased from 

Advanced Election Technology Co. Ltd. Anhydrous dimethyl sulfoxide (DMSO), N,N-

Dimethylformamide (DMF), N-Methyl-2-Pyrrolidinone (NMP, 99.5%), isopropyl alcohol (IPA, 99.5%) 

and chlorobenzene (CB, 99.8%) were all purchased from Sigma Aldrich. (4-(3,6-Dimethyl-9H-carbazole-

9-yl)butyl) phosphonic acid (Me-4PACz, 99%) was purchased from TCI. polymethyl methacrylate 

(PMMA) were obtained from Sigma Aldrich Chemical Company Limited.

Fabrication of Large-area PSMs

First, the FTO substrates (10 cm × 10 cm) were laser-scribed using a 523 nm green laser to form the P1 

line with width of 45 μm, delineating 11 sub-FTO regions on the substrate. Then the FTO substrates were 

cleaned sequentially using deionized water, ethanol and isopropanol for 20 mins in ultrasonic cleaner. 

After drying, all substrates transferred to magnetron sputtering chamber for deposition. The metal Ni 

target was selected as the Ni source. Pre-sputtering 120 s at DC power 80 W in Ar atmosphere to remove 

impurities on Ni target surface. Subsequently, a NiOx film was deposited on FTO by sputtering for 500 s 

with 100 W DC power under room temperature. The atmosphere of the chamber remained at 3 Pa 

pressure, and Ar and O2 fluxes rates were kept at 93 and 7 sccm, respectively. For the laser treatment, as-

sputtered NiOx films were irradiated by a 1064 nm nanosecond laser (Han’s Laser Technology Industry 

Group Co., Ltd.) with an energy density of 32 mJ cm-2. Then annealed the NiOx film at room temperature 



for 300 °C for 40 mins. Subsequently, the Me-4PACz solution was blade-coated onto NiOx substrates at 

a speed of 10 mm s-1 and a coating gap of 200 μm, followed by annealing at 100 °C for 5 mins. Dissolving 

557.8 mg PbI2, 13.2 mg MACl, 24.7 mg CsI, 182.6 mg FAI in a 9:1 (v/v) DMF:NMP solvent mixture to 

obtain perovskite precursor. In an ambient atmosphere with temperature of 25 °C and a relative humidity 

of 20%-25% RH, the perovskite solution was first blade-coated onto the HTLs at a speed of 10 mm s-1 

and a coating gap of 200 μm. The wet perovskite film is then transferred to a vacuum crystallization 

chamber at 3.0 Pa for 1 min, followed by annealing in air at 110 °C for 30 mins. Subsequently, C60 (25 

nm) and BCP (5 nm) were sequentially deposited via thermal evaporation. After BCP deposition, the 

sample was laser-scribed to form the 37 μm wide P2 line using the aforementioned device. After that, the 

solar cell assembly was completed by thermally evaporating Cu (150 nm), followed by laser scribing to 

form the 37 μm wide P3 line. Finally, 11 subcells were connected to form a large area module with the 

aperture area of 65 cm2.

Fabrication of Small-area PSCs

The purchased FTO substrates were cleaned sequentially using deionized water, ethanol and isopropanol 

for 20 mins in ultrasonic cleaner. After drying, the sputtered NiOx films were prepared using the 

aforementioned method and subjected to laser irradiation. Then, the NiOx film was transferred to a N2 

glovebox. Me-4PACz solution (0.5 mg mL-1 in IPA) was then spin-coated at 3000 rpm for 30 s, followed 

by annealing at 100 °C for 5 mins. For perovskite films, Cs0.05FA0.85MA0.1PbI3 solution with 1.5 M 

concentration was prepared by stoichiometrically mixing CsI, FAI, MAI and PbI2 in a 4:1 (v/v) 

DMF:DMSO solvent mixture. Additives of 10 mol% excess PbI2 and 20 mol% MACl were incorporated 

into the precursor to enhance crystallization. The perovskite precursor (90 μL) was spin-coated at 5000 

rpm for 50 s with an acceleration of 2000 rpm s-1. 160 μL of CB was dropped onto the film at 15 s before 

the end of the spin-coating process, followed by immediate annealing at 100 °C for 30 mins. After cooling, 



the PDI (1 mg mL-1 in IPA) was spin-coated at 5000 rpm for 30 s onto the perovskite layer, and annealing 

at 100 °C for 10 mins. Subsequently, PC61BM (20 mg mL-1 in CB) and BCP (1 mg mL-1 in IPA) were 

separately spin-coated onto the perovskite layer at 1500 rpm for 30 s and 5000 rpm for 30 s, respectively. 

The film was then annealed at 60 °C for 5 mins. Under vacuum conditions (< 8×10-4 Pa), a 110 nm thick 

Ag electrode was thermally evaporated to finalize the device.

Characterization

The surface and cross-section morphologies of the thin films were observed using a field-emission SEM 

(JSM-7610F Plus, Hitachi, Japan). The crystallinity of perovskites films was tested by X-Ray 

diffractometer (XRD, D8 ADVANCE, Bruker, Germany). The GIWAXS measurements of perovskite 

films were performed at the BL14B1 beamline of the Shanghai Synchrotron Radiation Facility. 

Ultraviolet-visible (UV-vis) absorption and transmission spectrum tested by UV-vis spectrophotometer 

(Shimadzu, UV-3600 Plus, Japan). Fourier-transform infrared (FTIR) spectroscopy was conducted using 

an FT/IR-6700 (Thermo Fisher, USA) instrument. The XPS and ultraviolet photoelectron spectroscopy 

(UPS) measurements were tested by X-ray photoelectron spectrometer (ESCALAB250Xi, Thermo 

Fisher, USA). Kelvin Probe Force Microscopy (KPFM) and atomic force microscopy (AFM) 

measurements were performed with a Bruker Dimension Icon system. The wettability images were tested 

by an optical contact angle meter (Dataphysics, OCA50, Germany). The micelle particle size of the SAM 

solution was measured using a Nanoparticle size and zeta potential analyzer (Nano-ZS90, Malvern, U.K.). 

Stable Photoluminescence (PL) and time-resolved Photoluminescence (TRPL) spectra were measured by 

fluorescence spectrometer (Edinburgh, FLS1000, U.K.). PL quantum yield (PLQY) measurements were 

performed with HAMAMATSU PHOTONICS K.K (C13534-31). The J-V curve of the performance of 

f-PSCs was excited by the AM 1.5G 1-sun illumination solar simulator (Sol 3A Class AAA, Oriel, 

Newport, USA) of sunlight source, and the obtained physical model was converted and collected by 



Keithley 2400. Before the test, standard silicon cell (91150V-KG3, Newport, USA) was used as a 

reference to calibrate the light intensity of the instrument according to ISO-17025 standard, and the 

effective area of the device was determined to be 0.049 cm-2 by a customized metal mask. Steady-state 

photocurrent and PCE output were tested by Keithley at the maximum power point (MPP) of J-V plots of 

the PSCs. The external quantum efficiency (EQE) spectra were obtained by the quantum efficiency 

measurement system (QE-R, Enlitech, Taiwan of China). Electrochemical impedance spectroscopy (EIS) 

was tested by electrochemical workstation (Zennium Zahner, Germany) in the condition of dark.

DFT calculation details

Density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation 

Package.1,2 The projector augmented wave (PAW) method was employed to describe the ion-electron 

interactions, and the exchange-correlation energy was treated within the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional.3,4 To accurately describe the 

adsorption of the large organic molecule Me-4PACz on the oxide surface, the van der Waals (vdW) 

interactions were corrected using the DFT-D3 method with Becke-Johnson damping, as defined by 

Grimme.5 The plane-wave cutoff energy was set to 400 eV. Electronic self-consistency was converged to 

10-4 eV, and spin polarization was included to account for the magnetic properties of NiO. Geometry 

optimization was performed using the conjugate gradient algorithm until the forces on each relaxed atom 

were less than 0.04 eV/Å.

The NiO (111) surface was modeled using a slab geometry constructed from the conventional Fm-3m 

(225) unit cell. To minimize the interaction between periodic images, a vacuum layer of 25 Å was added 

along the z-direction. The surface supercell was expanded to a 5×5×1 configuration to accommodate the 

Me-4PACz [C18H22NO3P] molecule. During the structural relaxation, the bottom two atomic layers of the 

NiO slab were fixed to their bulk positions, while the top two layers and the adsorbed molecule were 



allowed to fully relax.

Two adsorption configurations involving dehydrogenation were investigated: (i) a monodentate mode 

where the dehydrogenated Me-4PACz fragment (C18H21NO3P) bonds to one surface Ni atom, and (ii) a 

tridentate mode where the fragment (C18H20NO3P) bonds to three Ni atoms centered around a surface 

oxygen vacancy. The binding energy (Eb) was calculated to evaluate the stability of the molecule-surface 

interaction, defined as:

Eb = Etotal - Eslab - Emol

where Etotal is the total energy of the adsorption system, Eslab is the energy of the clean NiO surface (with 

an oxygen vacancy for the tridentate case), Emol is the energy of the isolated intact Me-4PACz molecule. 

According to this definition, a more negative value indicates a stronger binding interaction.



Supplementary Note 1: Residual stress analysis by GIXRD.

For the GIXRD measurement, the XRD peak at 31.6° of the perovskite (210) plane is selected as the 

stress-free 2θ degrees reference plane because of its diversity, which can provide more reliable structural 

symmetry information. In this process, 2θ degrees remains constant, and by adjusting the tilt angle of the 

instrument, the penetration depth of the X-ray can be ensured. In the experiment, the tilt angle (ψ) is set 

to 5°, 15°, 25°, 35°, and 45°, respectively. Based on Bragg’s Law and the generalized Hooke’s Law, the 

relationship between 2θ-sin2ψ can be expressed by equation:

𝜎 =‒
𝐸

(1 + 𝜈)
𝜋

180°
𝑐𝑜𝑡𝜃0

∂(2𝜃0)

∂(𝑆𝑖𝑛)2

where E is the modulus of the perovskite (E=10 GPa), v is the Poisson’s ratio of the perovskite (v =0.3), 

and θ0 is half of the scattering angle 2θ, corresponding to the given diffraction peak of the stress-free 

perovskite (2θ0 = 31.6°).6,7 The residual stress in perovskite films can be calculated by fitting the function 

of 2θ-sin2ψ. The slope of the fitted line reflects the magnitude of the residual strain. A negative slope 

indicates that the thin film is under tensile stress, whereas a positive slope suggests that the thin film is 

under compressive stress.



Supplementary Note 2: Fill factor (FF) loss analysis.

According to the S-Q limit theory, non-radiative recombination and charge transport losses are 

responsible for the measured FF falling below the theoretical value.8 The lower the non-radiative 

recombination loss of the device, the higher its maximum FF (FFmax) value. The FFmax can be calculated 

using the following equation: 

𝐹𝐹𝑚𝑎𝑥 =
𝜈𝑂𝐶 ‒ 𝑙𝑛⁡(𝜈𝑂𝐶 + 0.72)

𝜈𝑂𝐶 + 1

The  can be obtained by the following equation: 𝜈𝑂𝐶

𝜈𝑂𝐶 =
𝑉𝑂𝐶

𝑛𝐾𝐵𝑇/𝑞

where n is the ideality factor extracted from the slope of the VOC-light dependence curve (Fig. S33). KB is 

Boltzmann constant, and T is the temperature (300 K).

Substituting the n value into the aforementioned equation yields the FFmax (87.57%) and measured 

FF (87.04%) for the target device, both higher than those of the control group (84.50% and 83.64%), with 

corresponding FF losses of 0.53% and 0.86%, respectively.



Figures and Tables

Fig. S1 Schematic of the chemical reactions between SAM and the NiOx. (a) Condensation reaction 

between P-OH (on SAM) and surface OH (on NiOx). (b) Coordination of the SAM to undercoordinated 

Ni ions (on NiOx).



Fig. S2 SEM images of sputtered NiOx films under laser intensities of (a) 0 mJ cm-2, (b) 16 mJ cm-2, (c) 

32 mJ cm-2, and (d) 48 mJ cm-2, respectively.



Fig. S3 AFM images of sputtered NiOx films under laser intensities of (a) 0 mJ cm-2, (b) 16 mJ cm-2, (c) 

32 mJ cm-2, and (d) 48 mJ cm-2, respectively.



Fig. S4 Optical transmission spectra of sputtered NiOx films under laser intensities of (a) 0 mJ cm-2, (b) 

16 mJ cm-2, (c) 32 mJ cm-2, and (d) 48 mJ cm-2, respectively.



Fig. S5 High-resolution O 1s XPS spectra of the NiOx films under laser irradiation at intensities of (a) 0 

mJ cm-2 and (b) 32 mJ cm-2, respectively.



Fig. S6 Ratios of vacancy oxygen (OVA) to lattice oxygen (OLA), and hydroxyl oxygen (OOH) to OLA.



Fig. S7 Water contact angle of NiOx films under laser intensities of (a) 0 mJ cm-2, (b) 16 mJ cm-2, (c) 32 

mJ cm-2, and (d) 48 mJ cm-2, respectively.



Fig. S8 Changes in water contact angles on (a) plasma-treated control and (b) target NiOx films over 

different storage times.



Fig. S9 Electron paramagnetic resonance (EPR) spectra for the control and target NiOx films.



Fig. S10 AFM morphology images of (a) control NiOx/SAM and (b) target NiOx/SAM, respectively.



Fig. S11 XPS core level spectra of P 2p for control and target NiOx after SAM anchoring.



Fig. S12 FTIR spectra of SAMs assembled on different NiOx.



Fig. S13. (a) Pristine and (b) oxygen-deficient NiO, and the corresponding NiO/SAM models for DFT 

calculation of binding energy.



Fig. S14. P 2p XPS spectra of the control NiOx/SAM substrates (a) before and (b) after thermal aging, 

and of the target NiOx/SAM substrates (c) before and (d) after the same treatment.



Fig. S15 Ni 2p XPS spectra of the control NiOx/SAMs substrates (a) before and (b) after thermal aging, 

and of the target NiOx/SAMs substrates (c) before and (d) after the same treatment.



Fig. S16 Schematic of the preparation of the buried perovskite surface.



Fig. S17 AFM images of the buried surface of perovskite films deposited on (a) control and (b) target 

NiOx/SAMs, respectively.



Fig. S18 Cross-section SEM images of perovskite film on (a) control and (b) target NiOx/SAMs, 

respectively.



Fig. S19 SEM images of the top surface of perovskite films deposited on (a) control and (b) target 

NiOx/SAMs, respectively.



Fig. S20 Size distribution of the top surface of perovskite films deposited on (a) control and (b) target 

NiOx/SAMs, respectively.



Fig. S21 UV-vis absorption spectra of perovskite films deposited on different NiOx/SAMs.



Fig. S22 1D integral analysis for (a) control and (b) target GIWAXS patterns.



Fig. S23 XRD patterns of the buried surface of perovskite films deposited on different NiOx/SAMs.



Fig. S24 The PLQY of the exposed buried perovskite surface deposited on different NiOx/SAMs.



Fig. S25 UPS spectra of (a) control and (b) target NiOx/SAMs, respectively.



Fig. S26 UV-vis absorption spectra of different NiOx/SAMs.



Fig. S27 Tauc plots of (a) control and (b) target NiOx/SAMs, respectively.



Fig. S28 Schematic diagram of energy levels of VBM and conduction band minimum (CBM) derived 

from UPS spectra of the different NiOx/SAMs.



Fig. S29 Morphology of laser etching lines and widths of P1, P2, and P3 in large-area PSMs.



Fig. S30 J-V curves of PSMs with different laser intensities.



Fig. S31 The certification report of the PSM with an aperture area of 65 cm2, issued by the TÜV NORD 

(Hangzhou) Co., Ltd.. The certified PCE is 22.01% with a VOC of 12.85 V, a ISC of 143.62 mA and an FF 

of 77.51%.



Fig. S32 J-V curves of PSCs with an active area of 0.049 cm2.



Fig. S33 Small area devices’ steady power output (SPO) for 350 s.



Fig. S34 EQE and corresponding integrated JSC of small area PSCs.



Fig. S35 Mott-Schottky plots of small area PSCs.



Fig. S36 VOC-light intensity curves of small area PSCs.



Fig. S37 FF loss analysis of small area PSCs.



Fig. S38 In-situ XRD monitored the crystallization evolution of large area perovskite films on (a) control 

and (b) target NiOx/SAMs under continuous UV aging.



Table S1. Detailed data of DFT for binding energy of SAM on pristine NiO and NiO with OVA.

Sample E_total
/eV

E_slab
/eV

E_mol
/eV

E_binding
/eV

NiO -1132.20 -853.25 -275.89 -3.06

NiO-OVA -1123.51 -846.78 -270.14 -6.59



Table S2. TRPL parameters of perovskite films under excitation from FTO-side incident light.

Sample A1
1

[ns] A2
2

[ns]
ave

[ns]

Control 0.10 23.14 0.81 354.74 352.09

Target 0.22 78.81 0.67 1075.25 1064.46



Table S3. Electronic parameters of the HTLs extracted from UPS spectra.

Sample
Ecutoff

(eV)
Eonset

(eV)
EF

(eV)
Eg

(eV)
VBM
(eV)

CBM
(eV)

NiOx/Me-4PACz 0.88 16.55 -4.67 4.00 -5.55 -1.55

Laser NiOx/Me-4PACz 0.92 16.47 -4.75 4.00 -5.67 -1.67



Table S4. Detailed photovoltaic parameters of the PSMs with different laser intensities.

Laser intensity
VOC

(V)

FF

(%)

JSC

(mA cm-2)

PCE

(%)

0 mJ cm-2 12.38 76.13 2.17 20.46

16 mJ cm-2 12.72 78.89 2.19 21.99

32 mJ cm-2 12.85 79.30 2.23 22.70

48 mJ cm-2 12.67 77.86 2.19 21.60



Table S5. Detailed photovoltaic parameters of the champion module, as well as the statistical data 

summarized from 15 PSMs from each group.

Sample VOC (V) FF (%) JSC (mA cm-2) PCE (%)

12.38 76.13 2.17 20.46 Highest
Control

12.29±0.09 73.31±1.61 2.16±0.01 19.55±0.55 Average

12.85 79.30 2.23 22.70 Highest
Target

12.79±0.05 77.97±1.31 2.22±0.01 22.16±0.31 Average



Table S6. Comparison of the PCE of large-area PSMs fabricated through the blade-coating (active areas 

are 50-200 cm2) in recent five years.

Device configuration Active area 
(cm2) PCE (%) Year Ref

ITO/PTAA/Perovskite/C60/BCP/Cu 50 19.2 2021 [9]

ITO/PTAA/Perovskite/C60/BCP/Cu 60.8 16.3 2021 [10]

ITO/PTAA/Perovskite/C60/BCP/Cu 53.6 18.9 2022 [11]

FTO/NiOx/Perovskite/PC61BM/BCP/Cu 174 18.6 2022 [12]

FTO/SnO2/Perovskite/Spiro-OMeTAD/Au 100 17.7 2023 [13]

FTO/b-TiO2/np-SnO2/perovskite/Spiro-

OMeTAD/Au
81 20.15 2023 [14]

ITO/PTAA/Perovskite/C60/BCP/Cu 84 19.6 2024 [15]

ITO/PTAA/Perovskite/C60/BCP/Cu 108 19.21 2024 [15]

FTO/NiOx/Al2O3/SAM/Perovskite/C60/BCP/

Cr/Bi/Cu
113 20.14 2024 [16]

FTO/NiOx/Perovskite/C60/BCP/Cu 61.56 20.02 2025 [17]

FTO/NiOx/SAM/Perovskite/C60/BCP/Cu 57.3 20.6 2025 [18]

ITO/SnO2/Perovskite/Spiro-OMeTAD/Au 57.2

22.76 

(certified 

21.6)

2025 [19]

FTO/NiOx/SAM/Perovskite/C60/BCP/Cu 65

22.70

(certified 

22.01)

2026 This work



Table S7. Comparison of the PCE of small-area inverted PSCs using sputtered NiOx films (active areas  

 1 cm2) in recent five years.

Device configuration Active area 
(cm2) PCE (%) Year Ref

ITO/sp-NiOx/Perovskite/PCBM/AZO/Ag 1 15.6 2021 [20]

ITO/sp-NiOx/Perovskite/PCBM/AZO/Ag 1 17.2 2022 [21]

ITO/sp-NiOx/PTAA/Perovskite/PCBM/BCP/Ag 0.09 18.5 2022 [22]

ITO/sp-NiOx/Perovskite/PCBM/BCP/Ag 0.04 19.1 2022 [23]

FTO/sp-NiOx/Perovskite/PCBM/BCP/Ag 0.06 20.01 2023 [24]

ITO/sp-NiOx/Perovskite/ZnO/PCBM/Ag 0.046 20.45 2023 [25]

ITO/sp-NiOx/SAM/Perovskite/C60/BCP/Ag 0.046 20.54 2024 [26]

ITO/sp-NiOx/SAM/Perovskite/LiF/C60/BCP/Ag 0.13 21.3 2024 [27]

FTO/sp-NiOx/TFFA/Perovskite/C60/BCP/Ag 0.049 22.76 2024 [28]

ITO/sp-NiOx/Perovskite/PCBM/BCP/Ag 0.08 23.07 2025 [29]

ITO/sp-NiOx/SAM/Perovskite/C60/SnO2/IZO/Ag 0.12 23.22 2025 [30]

FTO/sp-NiOx/SAM/Perovskite/C60/BCP/Ag 1.0 23.96 2025 [31]

FTO/NiOx/SAM/Perovskite/C60/BCP/Cu 0.049 24.27 2026 This work
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