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Experimental Section

Materials

Cesium iodide (Csl), formamidinium iodide (FAI), lead iodide (Pbl,), and PCBM were
purchased from Advanced Election Technology Co., Ltd. The nickel nitrate
hexahydrate (Ni(NO;),"6H,0), sodium hydroxide (NaOH), dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), isopropanol (IPA), Chlorobenzene (CB), and
AlL,Oj5 dispersions were obtained from Sigma Aldrich. [4-(3, 6-dimethyl-9H-carbazol-
9-yl)butyl]phosphonic acid (MeO-2PACz) was obtained from TCI America.
Bathocuproine (BCP) was purchased from Xi’an Yuri Solar Co., Ltd. Benzamidine
dihydrochloride (PhFACI) and benzdiamidine dihydrochloride (PhDFACI,) were
obtained from Macklin. All the chemicals and reagents were used directly without

further purification.

Device fabrication

The ITO-coated glass substrates were laser-etched, followed by ultrasonic cleaning of
the etched ITO glass for 15 min using a detergent, deionized water (twice), ethanol
(twice), and isopropanol (twice) in sequential order. The ITO-coated glass substrates
were subjected to a 20-minute treatment of ultraviolet-ozone (UVO). Subsequently, a
NiO4 NPs aqueous ink with a concentration of 30 mg/mL was prepared by dispersing
the as-prepared NiOy NPs in deionized water. This ink was then spin-coated onto the
ITO glass at a speed of 5000 rpm for 30 s. The NiOy films (~20 nm) were annealed at
100 °C for 10 min, followed by immediate transfer into a nitrogen-filled glove box.
MeO-2PACz solution (0.5 mg mL™! in IPA) was spin-coated on the NiO,-covered
substrates at 3000 rpm for 30 s, followed by thermal annealing at 100 °C for 10 min.
Subsequently, the MeO-2PACz films (~4 nm) were spin-coated with an Al,O3
dispersion solution (0.4 wt% in IPA) at 5000 rpm for 30 s. The control FA ¢sCsg osPbl;
precursor solution was prepared by dissolving 228.4 mg of FAI, 18.2 mg of Csl, 645.4
mg of Pbl, in a mixed solvent solution (v/v, DMF : DMSO =4 : 1) with a concentration
of 1.4 mol/L. For the modified 2D/3D perovskite precursor solution, PhFACI (1.0 mg)

or PhDFACI, (1.0 mg) was added to FA( ¢sCsg ¢sPbl; perovskite precursor solution for



modification. The perovskite precursor solution was then spin-coated onto a
glass/ITO/NiO,/MeO-2PACz/Al,05 substrate at speeds of 2000 rpm for 10 s followed
by an additional spin at 4000 rpm for 40 s. During the second spin coating step, 150 pL
of CB was deposited onto the perovskite film 5 seconds before the program ended. The
resulting wet perovskite films were annealed at 100 °C for 30 min. Subsequently, a
solution of PC¢;BM in CB with a concentration of 23 mg/mL was spin-coated onto the
perovskite films (~600 nm) at a speed of 2500 rpm for 40 s. Afterwards, a solution of
BCP in IPA with a concentration of 0.5 mg/mL was spin-coated on top of the PC¢;BM
film (~30 nm) at a speed of 5000 rpm for 30 s to obtain BCP layer (~5 nm). Finally, a
thermal evaporation process under vacuum conditions (2x10° Pa) was employed to
deposit a Ag electrode with thickness around 100 nm.

For the modules, first, use Physical Vapor Deposition (PVD) technology to prepare
NiOy with a thickness of approximately 18 nm on the FTO substrate. The
FA, g3Csg.17Pbls perovskite film is prepared by dissolving 0.2086 g of PbCl,, 1.325 g
of Csl, 15.213 g of Pbl,, 4.282 g of FAI, and 36 mg of PhDFACI, in a 30 ml mixed
solvent solution (v/v, DMF: NMP: ACN = 6: 1: 3) with a concentration of 1.1 mol/L.
The perovskite precursor solution is then slot-die coated onto a glass/ FTO/NiOy
substrate with a slot-die gap of 100 um above the substrate at a speed of 5 mm/s. Then,
the resulting wet perovskite films are quickly transferred into a vacuum chamber, which
is pumped to 10 Pa and maintained for 40 s. The resulting perovskite films are then
annealed at 150 °C for 15 min in the air (RH = 20%). Subsequently, the PCBM solution
(23 mg/mL) is then slot-die coated onto the perovskite film with a slot-die gap of 100
um at a speed of 4 mm/s. 20 nm of ALD-SnO, is deposited on the PCBM surface.
Finally, the ITO/Cu/ITO sandwich electrodes are pre pared on the ALD-SnO, surface

using PVD technology, with thicknesses of 20 nm/15 nm/20 nm, respectively.

Characterizations
The J-V characteristics of inverted PSCs were measured under 1 sun equivalent
illumination in ambient conditions using a Keithley source meter (2400) and the solar

simulator, which equipped a 450 W Xenon lamp (Newport 2612 A, Oriel Sol3A). The



light intensity was controlled at AM 1.5G (100 mW c¢m™2) by a standard silicon solar
cell. The exposure area of metal mask in J—V measurements was 0.1 cm?. The external
quantum efficiency (EQE) was collected by using a QE-R Solar Cell Spectral Response
Measurement System (Enli Technology Co., Ltd., Taiwan). The liquid-state 'H NMR
measurements were conducted in d¢-DMSO using a Bruker 400 MHz measurement
spectrometer. The FTIR spectra were collected by the Nicolet iS50 system of Thermo
Fisher Scientific. The XPS spectroscopy was obtained by using the Thermo Scientific
ESCALAB 250Xi at Shiyanjia lab (www.Shiyanjia.com). XPS was calibrated using
binding energy of Cls (284.80 eV) as the energy standard. In the measured C element
spectra, the C-C binding energy positions of control, PhFA-based and PhDFA-based
films are 283.46 eV, 284.13 eV, and 284.23 eV, which are smaller than 284.80 eV.
Therefore, all of the examined spectra are selected, and 1.34 eV, 0.67 eV, and 0.57 eV
are added for control, PhFA-based, and PhDFA-based films to complete the XPS results
calibration. The UPS measurements were conducted by PHI 5000 Versaprobe at
Shiyanjia lab (www.Shiyanjia.com). The GIWAXS measurements were conducted at
Beijing Synchrotron Radiation Facility (BSRF), IW1A station, using X-ray with a
wavelength of 1.54792 A, and the incident angle was 0.2°. The surface and cross-
sectional SEM images were scanned by Zeiss Merlin Compact of Germany. The AFM
measurements were conducted by Bruker Dimension Icon (Germany). Contact angle
measurement was taken on a JC2000D1 (Shanghai Zhongchen) contact angle
instrument. The XRD patterns were collected by Rigaku Ultima IV (Japan). The
GIXRD patterns were collected by PANalytical Empyrean (Netherlands). The UV-vis
absorption spectra were obtained via the Shimadzu UV-3600 spectrometer. Steady-
state PL and TRPL were performed by a fluorescence spectrophotometer (FLS1000,
Edinburgh Instruments Ltd.) PL mapping was collected via Laser Ramon Instrument
(LabRAM HR Evolution). TPC and TPV measurements were conducted using a system
excited by a 532 nm (1000 Hz, 6 ns) pulsed laser. The Mott—Schottky and EIS plots
were obtained by an electrochemical workstation (CHI 660). The dark J-V

characteristic of devices was obtained via the Keithley source meter.



SCLC measurements. Necessary preparations such as calibrating the test equipment
and assuring the consistency of the single electron or hole device fabrication procedure
were conducted. Setting the frequency and time of data collection, as well as other
SCLC testing parameters. The I-V characteristic curve is obtained by applying voltage
(0-3V) to the PSCs and recording the related current value. For data processing, the
current and voltage data obtained from the test are taken logarithmically and plotted
into a curve. In the log coordinate, there are three segments: n=1, n>3, and n=2. Note
that n represents the slope of the apparent fit of the I-V curve under double logarithm.
Following that, determining the horizontal coordinate that corresponds to the
intersection of the two tangents on the log(I)-log(V) curve for n=1 and n>3, which is
the trap-filled limit voltage (VrpL). Finally, the defect state density is calculated
according to the SCLC model formula.

UPS measurements. The sample surface was ensured to be flat and free of
contamination before testing, and then cleaned with an ion source. To ensure data
reliability, avoid contacting the atmosphere from sample preparation to the test
chamber. The light source during the test was He-la rays with a photon energy of 21.2
eV. The beam diameter is 5.0 um. Energy calibration is the initial step in data processing
to guarantee the veracity of the data. Due to the data being biassed by -5 eV, an addition
of 5 eV is required for calibration. The calibrated data were plotted in segments (0-2
eV and 15-18 eV). Drawing a tangent to the high binding energy side (secondary
electron cutoff side) and obtaining the intersection value with the tangent line on the
same side (parallel to the X-axis). After that, the work function is obtained by
subtracting the intersection value from 21.2. Similarly, a tangent is drawn on the low
binding energy side (Fermi edge), and the intersection with the tangent on the same side

(parallel to the X-axis) represents the valence band top.
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Fig. S1. '"H NMR spectra of PhFACI, and Pbl, + PhFACI.



o1,

< |Pbl+PhFACI

© !

o I

% I

£ |PhFAcl 'C=N

£

2}

c

o _

= C=N
1600 1700 1800

Wavenumber (cm™)
Fig. S2. Spectrums of FTIR for PhFACI, Pbl,, and Pbl, combined with PhFACI for C=N stretching

peaks.



N1s 9 control [ Control Cis Control
PhFA-Pb PhFA-Pb c-C C=N PhFA-Pb
_ i P PhDFA-Pb —_ 13d " PhDFA-Pb —_ - 4 [T PhDFA-Pb
3 -~ B A 1 5 " '
S| i o 1 i =
z 2 T z !
17 . 7] i i @ '
5 v 8| ! & '
£ : g — — £ i 1
£ ! kS E ;
" o ' 1 !
398 400 402 404 615 620 625 630 635 640 282 284 286 288 290 292 294

Binding energy (eV)

Binding energy (eV)

Fig. S3. XPS spectra of corresponding perovskite films.
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films.
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Fig. S5. AFM images of corresponding perovskite films.
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Fig. S6. Cross-sectional SEM images for corresponding perovskite films.
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Fig. S7. XRD patterns of the PhFA-Pb and PhDFA-Pb films with different n values (n = 1-3).
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Fig. S9. UV-vis absorption spectra for corresponding perovskite films.
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Fig. S10. PL spectra of corresponding perovskite films.
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Fig. S11. PL mapping of corresponding perovskite films.
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Fig. S12. The TCFM images of corresponding films.
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Fig. S13. Independent certification of one of the best-performing PhDFA-based 2D/3D devices.



25
f? 20-
e
2 154
E —a— Control RS
~ 10d Control FS
? PhFA-Pb RS
- PhFA-Pb  FS
51 —— PhDFA-Pb RS
- - - PhDFA-Pb FS
0 : : . .
00 02 04 06 08
Voltage (V)

Fig. S14. J—V curves for corresponding device under forward and reverse scan directions.
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Fig. S15. J-V curves of the 2D/3D hybrid perovskite device measured under different scan rates.
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Table S1. The fitted results of TRPL curves for perovskite films. The average lifetime

ave
. . A
was calculated using the equation Z t

Samples 71 (ns) Ay 7 (ns) A Tavg (DS)
Control 290.59 62.05 955.62 37.95 734.75
PhFA-Pb 405.28 48.6 2024.06 514 1766.08
PhDFA-Pb  900.68 54.57 3528.23 45.42 2911.59




Table S2. Photovoltaic parameters of corresponding devices.

Device Voc (V) Jsc (mA cm?) FF PCE (%)
Average 1.09+0.010 24.36+0.31 0.808+0.006  21.40+0.37
Control
Champion 1.09 24.63 0.830 22.27
Average 1.12+0.002 25.60+0.017 0.837£0.004  24.10+0.17
PhFA-Pb
Champion 1.13 25.88 0.837 24.48
Average 1.18+0.008 26.09+0.18 0.839+0.005  25.56+0.25
PhDFA-Pb
Champion 1.19 26.08 0.841 26.10




Table S3. Photovoltaic parameters of corresponding devices under different scanning directions.

Device Voc (V) Jsc (mA cm™?) FF PCE (%)
Reverse 1.09 24.63 0.830 22.27
Control
Forward 1.09 24.61 0.802 21.51
Reverse 1.13 25.88 0.837 2448
PhFA-Pb
Forward 1.13 25.69 0.838 24.33
Reverse 1.19 26.08 0.841 26.10
PhDFA-Pb

Forward 1.19 26.08 0.840 26.07




Table S4. The photovoltaic performance of inverted DJ 2D/3D PSCs in our work was compared to
previous literatures that reported both regular and inverted DJ 2D/3D PSCs.

Device structure Voc (V) ( m[;] Sccm_z) FF (%) PCE (%) Year Ref.
Regular 113 2438 80.5 226 2021 I
Regular 115 25.88 76.66 22,68 2021 2
Tnverted 1.09 23.61 78.53 2021 2022 3
Regular 115 25.6 79.9 23.6 2022 4
Regular 1.14 248 84.7 23.95 2022 5
Regular 1.158 25.25 84.3 247 2022 6
Iverted 115 2438 82.8 23.62 2023 7
Inverted 1.19 23.47 84.5 23.60 2023 8
Regular 118 25.70 81.81 249 2023 9
Regular 1181 26.04 82.21 253 2023 10
Tnverted 1.181 2571 83.2 25.26 2023 B
Regular 1.09 24.1 77.60 20.40 2024 12
Inverted 1.19 26.08 84.1 26.10 2024  This

work




Table SS. The calculated trap density and mobility for corresponding devices.

: Ne (x10%%) NP (x10") He (x107%) 1 (X107)
Device [cm] [cm3] [cm3 V! s71] [em? V! s7]
Control 0.87 4.65 1.26 2.23

PhFA-Pb 0.45 3.76 3.03 3.99

PhDFA-Pb 0.30 291 5.23 5.7
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