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Experimental details

Materials

Pbl, (99.99%), HC(NH,),I (FAIL 99.5%), CsI (99.5%), Methylammonium iodide
(MAI), Lead(Il) Bromide (PbBr,, 98%), 4-(3,6-dimethyl-9H-carbazole-9-yl) butyl)
phosphonic acid (Me-4PACz) were purchased from TCI; 3,5-Dimethyl-1-
pyrazolylformamidinium nitrate (DPN, 97%) from Macklin; NiOx, [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) and Fullerene (C60) from Liaoning Youxuan
Technology; zirconium acetylacetonate (Zr(acac),) from Sigma-Aldrich. All solvents,
anhydrous dimethyl sulfoxide (DMSO, extra dry), N, N-dimethylformamide (DMF,

extra dry), chlorobenzene and isopropanol (IPA) were purchased from Acros.
Device fabrication

ITO/glass substrates were sequentially cleaned using detergent, deionized water, and
ethanol under ultrasonication, followed by ultraviolet ozone treatment for 20 minutes.
The charge transport layers were prepared in a fume hood. NiOx was dissolved in
deionized water at a concentration of 10 mg/mL and spin-coated onto ITO substrates at
2000 rpm for 30 s. After that, the substrates were transferred into a nitrogen-filled
glovebox, and all subsequent fabrication steps were carried out under inert conditions.
Me-4PACz was dissolved in ethanol at 0.5 mg/mL and spin-coated on the NiOy layer
at 4000 rpm for 30 s, followed by annealing at 100°C for 10 minutes. For DPN-modified



devices, DPN was dissolved in DMF at a concentration of 2 mg/mL and spin-coated
onto the Me-4PACz layer at 5000 rpm for 30 s. For control devices, this step was
omitted. The perovskite precursor solution of Csgos(FAg92MAg08)0.95Pb(I9.92Br0.08)3
(1.4 M) was prepared by dissolving Csl, FAI, MAI, Pbl,, and PbBr; in a mixed solvent
of DMF and DMSO (volume ratio 4:1). The perovskite films were fabricated using a
two-step spin-coating process: 1000 rpm for 10 s followed by 5500 rpm for 30 s. During
the second spin step, 150 pL of chlorobenzene was dropped onto the spinning substrate
at 15 s. The films were then annealed at 100°C for 30 minutes. For the electron transport
layer, a PCBM:C60 (1:1 by weight) solution in o-dichlorobenzene was spin-coated at
1000 rpm for 50 s. Subsequently, a Zr(acac), solution in isopropanol was spin-coated
on top at 4000 rpm for 40 s. Finally, a 100 nm Ag was thermally evaporated under a

vacuum of 1.0x10¢ Pa. The active area of the devices was 0.105 cm?.

Characterization

Current-voltage (J-V) measurements of the devices were tested using a source meter
(Keithley 2635B) under illumination of solar simulator (Abet Sun 2000) at a standard
irradiation of AM 1.5G (100 mW/cm?). In stability test, J-F characteristics were
recorded automatically at one hour interval using a source meter (Keithley 2635B)
under illumination of white LED unit at a standard irradiation of AM 1.5G (100
mW/cm?) in a nitrogen filled glove box at room temperature. In operational stability
test, a constant biased voltage (0.94 V) at the maximum power point (MPP) was also
applied. X-ray diffraction (XRD) patterns were taken using a diffractometer (Bruker
D8 advance). Electron microscopic images were obtained on a Scanning electron
microscopy (SEM) (Hitachi S4800) working at a 15 kV and a distant of ~8 mm with
20k multiplication using a secondary electron mode. The surface morphologies of the
films were measured via atomic force microscope (AFM) (Nanocute, SII
NanoTechnology). Steady state photoluminescence (PL) spectra were measured using
a fluorescence spectrometer (Horiba Nanolog FL3-2iHR). Time-resolved

photoluminescence (TRPL) spectra were obtained with ultrafast lifetime



spectrofluorometer (Horiba Delta flex). UV-Vis absorption spectra were taken with
UV-Vis-NIR scanning spectrometer Shimadzu UV-3101PC. Ultraviolet photoemission
spectroscopy (UPS) measurement was measured with an angle-resolved photoemission
spectrometer (VG Scienta R4000 energy analyzer) using a monochromatic He I light
source (hv =21.22 eV) under a sample bias of -5 V. X-ray photoelectron spectroscopy
(XPS) was tested via X-ray photoelectron spectrometer (Thermo escalab 250Xi).
Infrared spectra were obtained via Fourier transform infrared spectrometer (FT-IR)
(Nicolet IS 10). Impedance of the materials was evaluated using an AC impedance
analyzer (Solartron 1260) in frequency range from 1MHz to 0.1Hz at a voltage bias of
0.94V in the dark. Cyclic voltammetry (CV) measurements were performed using an
electrochemical workstation (Model 660e), and cyclic curves at different scan rates

were recorded after the electrolyte was connected.
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Figure S1. Grain size distribution graph from SEM.
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Figure S2. Contact angle measurements of water and DMF solvent droplets on the

buried interfacial layers without and with DPN modification.
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Figure S3. XRD patterns of perovskite films with and without DPN-modified before

annealing.



Figure S4. (a, b) Cross-SEM images of perovskite films deposited on ITO/ NiOx/Me-
4PACz and ITO/ NiOx/Me-4PACz/DPN substrates, respectively.
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Figure S5. Schematic comparison of the buried interfaces with (a) SAM-only and (b)
SAM+DPN modifications.



Transmittance (a.u.)

“ 'l '] '] 'l Il 'l
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S6. FTIR Spectra of DPN, and DPN+Pbl, Mixture Powder.
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Figure S7. Linear relationship of Jsc with the natural logarithmic light intensity.
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Figure S8. (a) UPS spectra of ITO/NiOx/Me-4PACz film. (b) UPS spectra of
ITO/NiOx/Me-4PACz/DPN film.
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Figure S9. (a) AFM images of the top surface morphology of ITO/ NiOx/Me-4PACz
film. (b) AFM images of the top surface morphology of ITO/ NiOx/Me-4PACz/DPN
film.
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Figure S10. The J-V curves of the devices at different concentrations.



Table S1. Comparison of DPN with recently reported dual-site passivators.
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Table S2. Fitting parameters for the TRPL measurements by using double-
exponential model.

71 (ns) Ay (%) T2 (ns) A; (%) Tavg (NS)

Control 110 4.18 2519 95.82 2418.3

Target 118 2.67 2900 97.33 2825.7




Table S3. Initial performance parameters of the tested devices.

Jse Voc FF PCE
(mA/cm?) %) (%) (%)
Operational __WODPN 242 Ly 84 29
Stability w/ DPN 25.5 1.18 83.9 252
S 239 7 817 28
o241 w17 81.0 28
woDPN 239 117 809 226
w7 w7 819 227
Storae T
Stability 25.4 1.18 83.4 25.0
o254 118 83.0 249
w/DPN 251  L18 837 248
o252 118 83.5 248
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