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Experimental Section
Materials

Nickel oxide (NiOy) (particle size of 5-10 nm), C¢y and formamidine hydroiodide
(FAI) were puchased from Advanced Election Technology Co., Ltd.
Methylammonium iodide (MAI), 1,2-propyldiammonium Diiodide (PDAI,) and
bathocuproine (BCP) were purchased from Xi’an Yuri Solar Co., Ltd. [4-(3,6-
dimethyl-9H-carbazol-9-yl) butyl] phosphonic Acid (Me-4PACz),
methylammonium chloride (MACI), 1-benzyl-3-methylimidazolium
tetrafluoroborate (BzZMIMBF,) and lead iodide (Pbl,) were purchased from TCI.
Isopropanol (IPA), N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO)
and ethyl acetate (EA) were purchased from Sigma-Aldrich. All materials above are

directly used without further purification.

Device fabrication

Indium tin oxide (ITO) glass substrates were sequentially ultrasonicated in
detergent, deionized water, acetone, and isopropanol for 15 minutes each, then
dried with a nitrogen stream and subjected to UV-ozone treatment for 30 minutes to
prepare for subsequent processing. A 10 mg/mL NiO, nanoparticle dispersion in
deionized water was stirred for 20 minutes, filtered, and spin-coated onto the
substrates at 5000 rpm for 30 seconds, followed by annealing at 150 °C for 10
minutes in ambient air. The substrates were then transferred to a nitrogen-filled
glovebox, where a 0.5 mg/mL Me-4PACz solution in isopropanol was spin-coated
onto the NiOy layer at 3000 rpm for 30 seconds and annealed at 100 °C for 10
minutes. For BZMIMBF,-treated samples, solutions of BZMIMBF, (0, 0.3, 0.5, and
1 mg/mL in a 1:9 DMF/isopropanol mixture) were spin-coated onto the Me-4PACz
layer at 5000 rpm for 30 seconds, followed by annealing at 100 °C for 10 minutes.
The perovskite precursor solution, composed of 1.7 M FA(gsMA, 1Csg osPbl; with
10 mol% MACI and 5 mol% excess Pbl, to improve crystallinity and phase stability,
was prepared using a one-step method. For deposition, 65 pL of the precursor was

spin-coated onto the substrate using a two-step program: 1000 rpm for 10 seconds,
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then 5000 rpm for 40 seconds, with 200 uL of ethyl acetate anti-solvent dripped 15
seconds before the end to promote nucleation. The resulting film was annealed at
100 °C for 30 minutes. A passivation solution of 1 mg/mL PDAI, in isopropanol
was prepared, and 80 pL was dynamically spin-coated at 4500 rpm for 25 seconds
(dispensed immediately upon reaching 4500 rpm), followed by annealing at 100 °C
for 5 minutes. Finally, 24 nm C60, 4 nm BCP, and 100 nm Ag layers were
sequentially deposited via thermal evaporation. Furthermore, a layer of anti-
reflective coating was applied to the illumination side of each device through spin-
coating. The anti-reflection solution was obtained from 00 FIVE (CHONGQING)

Nano Technology Co., Ltd.

Devices characterizations

'H NMR spectra were obtained on a Bruker AVANCE III 600 MHz nuclear
magnetic resonance (NMR) spectrometer. Photocurrent density-voltage (J-V)
curves were measured using a solar simulator equipped with 450 W Xenon lamp
(Newport 6279 NS) and a Keithley 2400 source meter. The effective active area of
the device was defined to be 0.08 cm? (calibrated mask). J-V curves were measured
from -0.1 V to 1.2 V (forward scan, FS) or from 1.2 V to -0.1 V (reverse scan, RS)
with a scan rate of 100 mV/s. Light intensity was adjusted to AM 1.5G one sun
(100 mW c¢m?) with a NIM calibrated standard Si solar cell. The external quantum
efficiency (EQE) measurement was conducted on an EQE measurement system.
The scanning electron microscopy (SEM) images was acquired using a scanning
electron microscopy (Thermo Scientific Quattro ESEM), which uses an electron
beam accelerated at 200 V to 30 kV, enabling operation at a variety of currents. X-
ray diffraction (XRD) patterns were acquired using a PANalytical Empyrean
diffractometer equipped with Cu Ka radiation (A = 1.5406 A). The surface
morphology was characterized by atomic force microscope (AFM) (MicroNano
NexSPM, Zhuolun). Absorption spectra were measured using a Shimadzu UV-1800
UV-vis spectrophotometer. The conductive Atomic Force Microscopy (c-AFM)

mode was utilized with a Bruker Atomic Force Microscope (Model: Bruker
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Dimension Icon) for testing. The SCM-PIT-V2 probe, featuring a force constant of
2.8 N/m and a resonance frequency of 75 kHz, was employed. The scanning image
resolution was configured at 256256 pixels with a scanning frequency of 0.5 Hz,
ensuring high-precision imaging and dependable electrical data collection. XPS
measurements were performed on a Thermo-Fisher ESCALab 250Xi system with a
monochromatized Al Ko (for XPS mode) under the pressure of 5.0x1077 Pa. A
Fluorescence spectrophotometer (Cary Eclipse, Agilent) with an excitation
wavelength of 450 nm was used to collect steady state photoluminescence (PL)
spectra. The photoluminescence (PL) and photocurrent mappings are performed on
a home-built laser-scanned and time-resolved PL microscopy coupled with a
photocurrent detection module. For PL measurements, a pulse laser (410 nm with
40 MHz repetition rate LDH-P-C-410, PicoQuant, Germany) is focused on the
sample through a 60 X oil objective lens (NA = 1.4, Olympus UPlanSApo). The
laser intensity at samples is adjusted by a neutral density filter and measured with a
power meter (PM100D S130VC, Thorlabs, USA). The Atomic Force Microscope
(AFM) and Kelvin Probe Force Microscopy (KPFM) measurements were
conducted using an MFP-3D-BIO system from Oxford Instruments. The
femtosecond transient absorption spectroscopy (fs-TAS) system utilized a high-
performance 1046 nm ytterbium (Yb)-doped fiber laser oscillator, delivering 500 pJ
ultrashort pulses at 2 kHz with an average power of ~1 W and a temporal resolution
of 283.9 fs (FWHM, confirmed by testing). It employs a sapphire-based white-light
continuum for broadband probing across 480-950 nm, with optional modules
extending coverage to ultraviolet (350-650 nm), near-infrared (1100-1600 nm), and
short-wave infrared (1600-2400 nm) ranges, enabling comprehensive ultrafast
photophysical studies from visible to mid-infrared wavelengths. Electrochemical
workstation (Princeton VersaSTAT 3F) equipment was used. Grazing-incidence X-
ray diffraction (GIXRD) measurements were conducted using Bruker D8Discover
25 X-ray diffractometer with power of 1.6 kW. Scanning speed is 2 second per step,
0.01 degree per step, with y angle from 10 to 50 degree. The incident X-ray beam

was set to a fixed grazing angle of 1°, ensuring surface-sensitive analysis. Time-of-
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flight secondary ion mass spectrometry (IONTOF GmbH, M6) was utilized to
analyze ion migration characteristics. Ultraviolet photoelectron spectroscopy (UPS)
of the thin films was performed using a Shimadzu Kratos spectrometer with a step
size of 0.025 eV and a scan rate of 300, equipped with a non-monochromatic He Ia
photon source (hv = 21.22 eV). The TPV measurement was performed under 1 sun
illumination using a white LED, with the device configured to open-circuit
conditions. The TPC measurement was conducted in the dark under short-circuit
conditions. A Keysight oscilloscope was used to capture the output signal. The
photovoltage decay kinetics for all devices exhibited a mono-exponential decay
pattern. Transient photocurrent (TPC) tests were carried out under short-circuit
conditions to investigate the time-dependent extraction of photo-generated charge
carriers. A 10 ns laser pulse served as the light source. Devices were maintained in
the dark between pulses to eliminate the impact of pulse frequency on current
responses. Transient photovoltage (TPV) tests were conducted under open-circuit
conditions to examine photovoltage decay. The subsequent voltage decay was
recorded to directly assess non-geminate charge carrier recombination. The decay
kinetics followed a mono-exponential model: 6V = Aexp(-t/tr), where t represents

time and 7 denotes the charge carrier lifetime.



Density functional theory

The quantum chemistry calculations (monomer and simple cluster structures)
were carried out with the Gaussian 16' software. The B3LYP? functional was
adopted for all calculations in combination with the DFT-D3(BJ)> 4 dispersion
correction. The basis set of def2-SVP> were adopted for the geometry optimization
and frequency calculations. The geometries were fully optimized without any
structural constraints. The frequency calculations were carried out at the same level
of theory to verify that all structures have no imaginary frequency. The single
energy was calculated at the def2-TZVP® level of theory. The Interaction Region
Indicator (IRI)” and the electrostatic potential involved in the analyses was
evaluated by Multiwfn® 19 based on the highly effective algorithm proposed in Ref.
The IRI and ESP figures were rendered by means of the VMD !! visualization
program.

The first principle calculations (periodicity structures) were carried out with
the CP2K 2024.1 software package!? with Perdew-Burke-Ernzerhof (PBE)
functional!! and Grimme's D3 van der Waals correction method® 4, during which
the DZVP-MOLOPT-SR-GTH'? basis set and Goedecker-Teter-Hutter (GTH)
pseudopotential were employed. The single point energy was calculated with the
TZVP-MOLOPT-GTH and TZVP-MOLOPT-SR-GTH basis set. To steer clear of
the interactions between periodic images, the vacuum layers larger than 20 A were
added to non-periodic directions. The plane-waves were cut off at 400 Ry. The
geometric structure figures and difference map for electron density were rendered
by means of VESTA ' visualization program.

The adsorption energy (E,q) was defined as:

Eads = Emolsurf = Esurf = Emol(g)

where Enoisur, Esurr and Enoie) are the energy of adsorbate molecule adsorbed
on the surface, the energy of clean surface, and the energy of isolated molecule in a
cubic periodic box, respectively.

The binding energy (Eping) was defined as:

Ebind = Ewhote - EB2MiM -Eme-4pacy
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where Eypole, E,mmv and Eneqpac, are the energy of the whole system, the
energy of BzZMIM, and the energy of Me-4PACz, respectively.
The defect formation energy (Eg.f) of perovskite was defined as:
Eger = Ev+ Epp, - Epert
Where E,, Ep, and E, are the energy of containing a surface lead vacancy,

the chamical potential of a lead atom, and the energy of perfect state of the system.



Supplementary Note 1. Cyclic Voltammetry

To characterize the surface coverage of functional materials, cyclic voltammetry
(CV) experiments were conducted using a VIIUM electrochemical workstation
configured with a three-electrode system at ambient temperature. The working
electrodes were fabricated by spin-coating onto ITO-coated glass substrates, with
an active electrode area of 0.5625 cm? (0.75 cm x 0.75 cm). A platinum plate
served as the counter electrode, while an Ag/AgCl electrode (in 3.0 M KCl solution)
was used as the reference electrode. Measurements were performed in an argon-
purged  1,2-dichlorobenzene  (0-DCB)  solution  containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBA*PFg") as the supporting electrolyte
to maintain an inert and conductive medium. All potentials were calibrated against
the ferrocene/ferrocenium (Fc/Fc*) redox couple as an internal reference. The
effective surface coverage (I') of ITO/NiOy Me-4PACz or ITO/NiO,/Me-
4PACz/BzMIMBF, was determined by analyzing the linear relationship between

the oxidative peak current and the scan rate, as detailed below:

, _ n’F?ATv

P 4RT

Taking the scanning rate v as the horizontal axis and the current I, as the vertical
axis, we plot a scatter diagram. Thus, a linear fit on the data was performed to

obtain the slope k, expressed as:

I

= kv
According to the above formula, the surface coverage is obtained as:

_ 4RTk
n2F2A

Where R is the gas constant (R=8.314J-mol!-K-!), T is the temperature
(T=298 K), £ is the fitting slope, n is the number of electron transfers(n=1), F" is the

Faraday constant (F=96485 C-mol!), 4 is the electrode area.

Supplementary Note 2. Conductivity and hole mobility



The conductivity (o) is calculated using the following formula:

d
o=—
AR

where R, d, and A4 represent the resistance, thickness of HTL, and the thin film
area, respectively.

The hole mobility (1) was determined by analyzing the current-voltage (J-V)
characteristics of the NiO,/Me-4PACz composite film using the Mott-Gurney
model for trap-free semiconductors. The model is expressed as:

9e e,V -V, -V,)*

8L>
where J is the current density, €, is the vacuum permittivity (8.854x10-12 F-m-1),
& 1s the relative permittivity of the film, L is the film thickness, V is the applied
voltage, V, accounts for voltage losses due to contact and series resistance, and V,;
represents the built-in potential from the work function difference between
electrodes. The hole mobility («) was extracted by fitting the J-V curves to this

model.



Supplementary Note 3. Residual stress analysis by GIXRD

For GIXRD measurement, the (210) plane of perovskite featuring an XRD peak
at 31.5° was selected is chosen as the stress-free 26 degree due to its diversity in
providing more reliable structure symmetry information, in which the 26 is fixed
while the instrument tilt angles are varied to ensure the X-ray penetration depth.
The tilt angles (y) are fixed at 0°, 10°, 20°, 30°, 40° and 50°, respectively.
According to Bragg’s Law and generalized Hooke’s Law, the relationship of 26-
sin®y can be given by the following equation:

E, n a(26)
o 1+ Vp)180°wt 06[(sin¢)2]

where E, is the perovskite modulus (10 GPa) and v, is Poisson’s ratio of the
perovskite (0.3)15. 6, is half of the scattering angle 26, for stress-free perovskite
(26) = 31.5°). The residue stress of perovskite films can be calculated from equation
above by fitting the 26 as a function of sin?y, and the slope of the fitted line
represents the scale of the residual strain. The negative slope indicates the films
bear tensile stress, while the positive slope indicates the films bear compressive

stress.

10



Supplementary Note 4. Activation energy

The activation energy can be derived using the Nernst-Einstein equation (*):

00 Ea
o(T) = —expidi( -
(1) = pexpli= )

where kg represents the Boltzmann constant, 6, is a constant, and 7" denotes

temperature.
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Figure S1. The fabrication process of BZMIMBF,-based PSC devices
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Figure S2. (a), (c¢) Cyclic voltammograms after completed electropolymerization at
different scan rates for control (NiO,/Me-4PACz) and BzMIMBF,-treated (NiO,/Me-
4PACz/BzMIMBEF,) films. No electroactive species was added to the electrolyte solution.
(b), (d) The oxidative peak current versus scan rate plots for estimation of the surface

coverage from the slope of the fit.
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(a)

Figure S5. Adsorption energy of Me-4PACz on (a) (110) and (b) (111) plane. Adsorption

-2.67 eV

(b)

(d)

energy of BZMIM™ on (c¢) (110) and (d) (111) plane.
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Figure S6. 'H NMR spectra of FAI, BZMIMBF, and BZMIMBEF,/ FAI in DMSO-ds.
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Figure S7. XRD patterns of control and BZMIMBF,-treated perovskite films.
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Figure S9. X-ray photoelectron spectroscopy of (a) Pb 4f and (b) I 3d for control and

BzMIMBEF,-treated perovskite films, respectively.
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Figure S10. Contact angles of the perovskite precursor solution on ITO/NiO,/Me-4PACz

and ITO/NiO,/Me-4PACz/BzMIMBEF, surfaces.
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Figure S11. In situ absorption spectra of the control and BZMIMBEF,-treated film during

the spin-coating (left) and annealing (right) stages.
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Figure S12. In situ PL evolution during film annealing (a detailed view of the initial 150 s).
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treated perovskite films with a scale bar of 2 um. (e), (f) Grain size distribution of

perovskite films, obtained from (c), (d).
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Figure S14. AFM images for (a) control and (b) BzMIMBF,-treated perovskite films,
respectively (The testing area is 2x2 pm?). the corresponding statistical distribution of

height (c) derived from AFM images.
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Figure S16. (a) Steady-state and (b) time-resolved photoluminescence (PL) spectra of
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Figure S21. The pseudo-color TA plots of the (a) control and (b) BzMIMBF,-treated

perovskite films.
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Figure S25. Statistical distribution of the (a) Vo, (b) Jsc, (¢) FF and (d) PCE of the PSCs
prepared in different conditions. The error bars were obtained from 15 measured samples

for each condition (Mask area: 0.08 cm?).
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Figure S28. Transient photocurrent (TPC) decay and Transient photovoltage (TPV) decay

for control and BMIMBF,-treated devices.
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Figure S30. Water Contact angle measurements on the surface of perovskite films.
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Figure S31. Water contact angle measurements demonstrating the long-term surface

(d)

hydrophobicity of perovskite films. Freshly prepared films were immediately cut into two
halves. The “left” half was measured on day 0, while the “right” half was stored in the dark
at 20 °C and 20% RH for 7 days prior to measurement. (a), (c) Control films without
BzMIMBEF, treatment: 58.9° (day 1) — 52.6° (day 7). (b), (d) BzZMIMBF,-treated films:

77.3° (day 1) — 75.1° (day 7).

41



Table S1. Fitted results of TRPL curves of the perovskite films deposited on

ITO/NiO,/Me-4PACz from perovskite side.

Samples 71 (ks) 4, T2 (ks) 4 Tave (1)
Control 0.02 0.22 5.07 0.15 5.03
BzMIMBF, 0.26 0.01 3.12 0.14 3.10
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Table S2. Performance summary of state-of-art p-i-n PSCs with perovskite/HTL

buried interface treatment.

PCE Certified Year
Source Perovskite solar cells structure
(%) PCE (%) [Ref.]
ITO/MeO-2PACz/CB-PA/
Adv. Mater. 25.27 / 2025[15]
Perovskite/PCBM/BCP/Ag
Adv. Funct. ITO/Me-4PACz/FBA/
25.58 / 2025[16]
Mater. Perovskite/Cq/BCP/Ag
ITO/2PACz-BMIMTFSI/
Adv. Mater. 25.68 / 2025[17]
Perovskite/LiF/C¢/BCP/Ag
Energy FTO/NiO,/MeO-2PACz/
25.92 25.77 2024[18]
Environ. Sci. TFSA/Perovskite/Cg/BCP/Ag
Adv. Funct. FTO/2PACz+Me-4PACz/BFS/
26.16 / 2025[19]
Mater. Perovskite/3MPTAI/C¢/BCP/Ag
ITO/NiO,/Me-4PACz-PM/
Adv. Mater. 26.34 25.48 2025[20]
Perovskite/Cq/BCP/Ag
FTO/NiO,/Me-4PACz/2DPAA/
Nat. Chem. 26.53 26.02 2025[21]
Perovskite/Cq/BCP/Ag
ITO/NiO/ NA-Me-4PACz/
Nature 26.54 / 2024[22]
Perovskite/PI/PCBM/BCP/Ag
ITO/NiO,/Me-4PACz/4Br-BPA/
Adv. Mater. 26.59 26.12 2025[23]
Perovskite/Cgq/BCP/Ag
Energy FTO/MeO-4PACz/Al,05- 2-ATCV/
26.63 26.42 2025[24]
Environ. Sci. Perovskite/PCBM/BCP/Ag
FTO/NiO,/Me-4PACz/AG/
Adv. Mater. 26.74 26.21 2025[25]
Perovskite/Cq/BCP/Ag
ITO/NiO,/Me-4PACz/BzMIMBF 4/
This work 26.45 26.37 /

Perovskite/Cq/BCP/Ag
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