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Experimental Section

1. Materials

All chemicals were used as received without further purification. 

Formamidine iodide (FAI, >99.5%) was gained from Greatcell Solar 

Materials Pty Ltd. [4-(3,6-Dimethoxy9H-carbazol-9-yl) butyl] phosphonic 

acid (MeO-4PACz, 99%), Cesium iodide (CsI, >99.99%), 

methylammonium bromide (MABr,>99.5%), Lead(II) bromide (PbBr2, 

>99.99%), formamidine chloride, methylammonium chlorine (MACl, 

>99.5%), Bathocuproine (BCP), piperazinium diiodide (PDI), (4-(9'-

phenyl-9H,9'H-[3,3'-bicarbazol]-9-yl) butyl) phosphonic acid (4PABCz), 

[4- (9H-carbazol-9-yl) butyl] phosphonic acid(4PACz) and (4-(3-phenyl-

9H-carbazol-9-yl) butyl) phosphonic acid (P-4PACz) are purchased from 

Xi’an Yuri Solar Co., Ltd. [6,6]-Phenyl-C61-butyric acid methyl ester 

(PCBM) is gained from Lumtec, Taiwan. Lead (II) iodide (PbI2, >99.99%) 

is gained from Xi’an E-Light New Material Company Limited. N, N 

dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.8%), 

isopropanol (IPA, 99.5%), chlorobenzene (CB), 9-Phenyl-9H,9'H-

[3,3']bicarbazolyl(PB-Cz), 3-phenyl-9H-carbazole (P-Cz), methanol 

(MeOH, 99.9%) and polymethyl methacrylate (PMMA) were obtained 

from Sigma Aldrich Chemical Company Limited. Tetrahydrofuran (THF) 

was gained from Shanghai Aladdin Biochemical Technology Company 



Limited. The FTO substrate (model number: HM-FTO-22), purchased 

from Beijing Huamin New Materials Technology Co., Ltd, possesses a 

square resistance of 8 ohms, and a thickness of 2.2 mm. An anti-reflective 

film (BA4076, Japan) was also placed on the back of the FTO glass. 

2. Perovskite film fabrication

First, FAI, MABr, PbI2, PbBr2, CsI were fully dissolved in mixed 

solvents of DMF and DMSO (4:1, v/v) according to the stoichiometric 

formula of 1.5M Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 in anhydrous DMF: 

DMSO =4:1 (v:v) with 15 mol% MACl. Then, the solution was stirred at 

room temperature until dissolved. The precursor solution was filtered 

through a 0.22 μm polytetrafluoroethylene filter before use. A portion of 

60 μl of perovskite solution was deposited on the substrate and spun cast 

at 2,000 rpm for 10 s, followed by 5,000 rpm for 40 s. A 200 μl portion of 

CB as an anti-solvent was dropped onto the substrate during the last 10 s 

of spinning. Then, quickly transferred the substrates to annealing at 110 ℃ 

for 20 min.

3. Fabrication of integrated devices

The glass/FTO substrate underwent a cleaning process, which 

included ultrasonic treatment in sequential baths of anhydrous ethyl 

alcohol, detergent, deionized water, acetone, and isopropanol. Afterward, 



the substrate was dried and then subjected to a 15-minute exposure in a 

UV-ozone environment to remove organic contaminants. Then, FTO 

substrates were transferred into the nitrogen-filled glovebox quickly 

maintaining less than 0.1 ppm of O2 and H2O. After cooling down to room 

temperature, for devices using MeO-4PACz, 4PACz, P-4PACz, and 

4PABCz as the HSLs, a solution at a concentration of 1 mmol/L in 

methanol was spin-coated at 3000 rpm for 30 seconds and annealed at 100 

°C for 10 minutes. Perovskite solution was deposited on the SAM-

modified substrate as detailed above. Subsequently, a 1 mg/mL PDI 

solution in IPA was spin-coated on the perovskite layer at 5000 rpm for 30 

seconds and annealed at 100 °C for 10 minutes. Then, PCBM (20 mg/mL 

in CB) was spin-coated at 2000 rpm for 30 s and BCP (saturated solution 

in IPA) was spin-coated at 5000 rpm for 30 s. Finally, Ag (100 nm) is 

deposited as back electrode through a mask by thermal evaporation under 

9.9×10-5 Pa. For the stability assessment, the BCP layer was substituted 

with a 15 nm SnO2 atomic layer, which was deposited utilizing an atomic 

layer deposition (ALD) system (NCE-200R, NanoFrontier, China) with 

((CH3)2N)4Sn and deionized water as the precursor sources for Sn and O, 

respectively. Mini-module was prepared in the same way as for the small-

area devices. The FTO (5 cm × 5 cm) was cleaned and deposited with 

4PABCz layers as described above. The perovskite films were spin-coated 

onto the substrates and annealed according to the above procedures.



4. Exfoliation of the perovskite films:

Firstly, PMMA (0.4 g PMMA was dissolved in 1 mL CB) was blade 

coated on the prepared perovskite film, and the coated substrate was 

annealed at 70 °C for 10 min. After a day at room temperature, perovskite 

film was peeled off with a tweezer.1

5. Characterization

The NMR spectra are recorded on Bruker Avance III (600 MHz). X-

ray photoelectron spectroscopy (XPS) was acquired by an AXIS Ultra 

DLD X-ray photoelectron spectrometer and calibrated against the C 1s 

peak (284.8 eV). Grazing incidence wide-angle X-ray scattering 

(GIWAXS) tests are performed at beamline BL14B in the Shanghai 

Synchrotron Radiation Facility (SSRF) with an X-ray wavelength of 0.124 

nm, the GIWAXS patterns are acquired with a grazing incidence angle of 

0.3º and an exposure time of 60 s. XRD was tested by Mini Flex 600 X-

ray diffractometer (with Cu-Ka radiation as X-ray source) with a scan rate 

of 15° min-1. The X-ray reflectivity (XRR) measurements of the SAMs and 

Grazing-incidence X-ray diffraction (GIXRD) were performed using a 

SmartLab X-ray diffractometer, and GIXRD was under 10-30° scan range 

with a step size of 0.02°/s. The data for the single crystals of P-Cz and PB-

Cz were collected with a D8 VENTURE Single crystals diffractometer 

with large area photon II detector. The single crystals used for X-ray 



diffraction analysis were obtained by slow evaporation in THF. Ultraviolet 

and visible (UV-vis) spectrophotometry was tested by EV 300 (Thermo 

Fisher Scientific).PL mapping images were obtained by Raman image 

scanning electron microscopy (RISE-MAGNA). Steady-state 

photoluminescence (PL) and time-resolved photoluminescence (TRPL) 

and PL quantum yield (PLQY) tests were performed using an FLS 1000 

photoluminescence spectrometer. SEM images were acquired by field 

emission scanning electron microscope (JSM-7800F). Kelvin probe force 

microscopy (KPFM), atomic force microscopy (AFM) and conductive 

atomic force microscopy (c-AFM) images were observed on the Bruke Bio 

Fast Scan AFM using taping mode. Ultraviolet photoelectron spectroscopy 

(UPS) was measured by AXIS Ultra DLD machine under excitation from 

the He I line (21.22 eV) of a helium discharge lamp. The transient 

photovoltage (TPV) and transient photocurrent (TPC) curves were 

measured by a platform for the all-in-one characterization of solar cells 

(PAIOS) of FLUXim Company. The background light of 1 Sun (100 mW 

cm−2) was applied. Electrochemical impedance spectroscopy (EIS) 

spectra and Mott Schottky curve (M-S) are observed on a Chenhua 

CHI660E electrochemical workstation under dark conditions. The current 

density-voltage (J-V) curves of the device (area: 0.074 cm2) were obtained 

under AM1.5G illumination at 100 mW cm-2 (calibrated by a standard 

VLSI Si reference solar cell (SRC-1000-TC-K-QZ)) using an Abet 



Technologies Sun 2000 solar simulator and a Keithley 2400 source meter. 

External quantum efficiency (EQE) test was performed by the QTEST 

HIFINITY 5 EQE system (the light intensity was calibrated with standard 

Si detectors). Space-charge-limited current (SCLC) was measured using a 

Keithley 2400 system to obtain dark-state J-V curves of the 

FTO/SAM/perovskite/PTAA /Ag structure.

6. Calculation 

Geometries optimization and frequency analysis was performed at the 

B3LYP2/6-311G(d,p)3,4, and a more accurate def2TZVP basis set5,6 was 

used for dipole moment calculations. The molecular orbitals and dipole 

moments were analyzed, and the energy gaps between HOMO and LUMO 

were obtained. These calculations were based on Density Functional 

Theory (DFT) with Gaussian 09 package.7,3,8 The VMD software was used 

to map the molecular surface electrostatic potential.9 The electron density 

level of the van der Waals (vdW) surface was defined as 0.001 e Bohr-3, 

and all molecular size information was calculated by Multiwfn.10,11

The calculations about the dimeric system of SAMs were performed 

using Gaussian at the level of M06-2X/def2-TZVP with DFT-D3 

method.12,13 The interaction region indicator (IRI) analysis was based on 

the optimal geometry structures of the dimers and analyzed the 

intermolecular interactions through Multiwfn and gnuplot.14,15



The spin-polarized DFT calculations were performed using the 

Vienna Ab Initio Simulation Package (VASP) code, employing periodic 

boundary conditions.16,17 The projector augmented wave (PAW) 

pseudopotential was used to describe the ion-core electron interaction, 

while the exchange-correlation energy of valence electrons was described 

by the Perdew-Burke-Ernzerhof (PBE) functional with a plane-wave cutoff 

energy of 400 eV.18,19 Grimme’s D3 corrections were also used to describe 

the dispersion interaction.12 The energy convergence criteria of structure 

optimization (including lattice parameters and internal atomic positions) 

were set to 10-5 eV for each self-consistent field (SCF) iteration step, and 

the maximum force convergence criterion for geometry optimization was 

set to 0.05 eV/Å. For surface calculations involving both ITO and FAPbI3, 

a surface/vacuum structure with a vacuum thickness of 15 Å was 

considered. The adsorption energies (Eads) of SnO2 or perovskite surface 

adsorbed by different molecules (4PACz, 4PABCz and P-4PACz) were 

calculated as E(SAM@SnO2/perovskite) −E(SAM)−E(SnO2/perovskite). 

The molecular graphics viewer VESTA was used to plot the crystal 

structures.20

Ab initio molecular dynamics (AIMD), were performed with the 

CP2K package utilizing a mixed Gaussian/plane wave (GPW) basis.21 The 

PBE exchange-correlation functional,22 DFT-D3 dispersion corrections 

and dipole corrections necessary for periodic boundary conditions along 



the perpendicular direction to the surface were included.12,23 Valence 

electron wave functions were expanded in a double-ζ Gaussian basis set 

with polarization functions (DZVP).24 The energy cutoff for the electron 

density expansion in the GPW method was 400 Ry. Born-Oppenheimer 

AIMD simulations were run with an integration time step of 0.5 fs and the 

system was kept at 300 K using the thermostat of Bussi et al. in a canonical 

isothermal–isochoric (NVT) ensemble, in which the total number of atoms 

N, the volume V and the temperature T of the system were held 

constant.25,26 All AIMD simulations were performed at Γ point. Being the 

most stable surface, the SnO2(110) was chosen as the substrate surface. The 

initial systems were from geometric optimization structure by DFT and the 

following 10 ps were used for the production run. To investigate the 

interactions between the SAMs and the SnO2 substrate, three 

configurations were simulated: (1) 4PACz on SnO2(110); (2) P-4PACz on 

SnO2(110); (3) 4PABCz on SnO2(110). In all the models, an in-plane 

SnO2(110) simulation cell of 25.1165 Å × 19.8655 Å with 15 Å of vacuum 

between the slab repetitions was used. AIMD was also used to estimate the 

interaction energy of SAMs with the SnO2(110) surface. OVITO was used 

to visualize the trajectory of the AIMD simulation.27 

Classical molecular dynamics simulations were realized with the help 

of the LAMMPS molecular dynamics simulator.28 The equations of motion 

were integrated using the velocity Verlet method, with a 1 fs time step, in 



which bond stretching was not constrained for any bonds.29 To maintain 

isothermal conditions, the deterministic Nosé–Hoover thermostat with a 

time constant equal to 0.1 ps was used.26,30 This ensured that the thermostat 

was applied to both translational and rotational degrees of freedom. All 

classical molecular dynamics simulations were realized in the canonical 

NVT ensemble at T = 373 K comprising a V-shaped SnO2(110) model 

system with dimensions 204 Å × 224 Å × 33 Å or a flat SnO2(110) model 

system with dimensions 204 Å × 214 Å × 18 Å. Periodic boundary 

conditions were used in the x and y directions, whereas reflective boundary 

conditions were used in the z direction. 

The systems were equilibrated for 100 ps followed by a 100 ps 

production simulation, during which sampling took place every 1 ps for the 

calculation of ensemble averages. To accurately capture the interactions of 

SnO2, the thoroughly validated classical force field developed by Bandura 

et al. was used.31 For SAMs, containing the phosphonic functional group, 

the specially designed force field developed by Meltzer et al. based on the 

generalized Amber force field was used.32 The van der Waals and 

electrostatic non-bonded interactions were calculated using a real-space 

cutoff radius of 12 Å and 12 Å, respectively. The surface coverage 

calculations identified the surface area covered by the atoms of the SAMs 

less than 4 Å to the surface in OVITO.



7. Calculation of quasi-Fermi level splitting (QFLS) and 

𝚫𝑽𝒐𝒄−𝒊𝒎𝒑 𝒏𝒐𝒏𝒓𝒂𝒅 

QFLS can be obtained from PLQY by the following formula:33,34

𝑄𝐹𝐿𝑆 =  𝑄𝐹𝐿𝑆 𝑟𝑎𝑑 +  𝑘𝐵𝑇𝑙𝑛(𝑃𝐿𝑄𝑌)

𝑄𝐹𝐿𝑆𝑟𝑎𝑑 =  𝑘𝐵𝑇𝑙𝑛 (
 𝐽𝐺

 𝐽0,𝑟𝑎𝑑
 ) +  𝑘𝐵𝑇𝑙𝑛(𝑃𝐿𝑄𝑌) 

where 𝑄𝐹𝐿𝑆𝑟𝑎𝑑 is the radiation limit of semiconductor materials, which sets 

the maximum achievable splitting of the quasi-Fermi level without 

considering nonradiative radiation recombination. 𝑘𝐵 is the Boltzmann 

constant, 𝐽𝐺 is the photogenerated current density, 𝐽0,𝑟𝑎𝑑 is the dark state 

radiative recombination saturation current density. According to the 

detailed balance theory, 𝐽0, 𝑟𝑎𝑑 can be calculated by the following equations: 

𝐽0, 𝑟𝑎𝑑 = 𝑞  

∞

∫
0

𝐸𝑄𝐸(𝐸)∅𝐵𝐵(𝐸)𝑑𝐸

 

∅𝐵𝐵（𝐸）=
2𝜋𝐸2

ℎ3𝑐2

1

exp ( 𝐸
𝑘𝐵𝑇) ‒ 1

where q is the elementary charge, 𝐸𝑄𝐸 is the photovoltaic external 

quantum efficiency, Φ𝐵𝐵 is the black-body radiative spectrum, E is the 

photo energy, ℎ is the Planck constant, and c is the light speed in vacuum. 

𝑉𝑜𝑐 nonradiative recombination loss  can be calculated by the Δ𝑉 𝑛𝑜𝑛𝑟𝑎𝑑
𝑜𝑐 ‒ 𝑖𝑚𝑝

following equation: 

 = 𝑄𝐹𝐿𝑆𝑟𝑎𝑑 − 𝑄𝐹𝐿𝑆 = −𝑘𝐵𝑇𝑙𝑛(𝑃𝐿𝑄𝑌)𝑞Δ𝑉𝑛𝑜𝑛𝑟𝑎𝑑 
𝑜𝑐 ‒ 𝑖𝑚𝑝



8. Stress test using GIXRD

According to Bragg’s Law and generalized Hooke’s Law,35 2θ-sin2φ 

can be given by:

𝜎 = ‒
𝐸

2(1 + 𝑣)
 

𝜋 
180°

 𝑐𝑜𝑡𝜃0 
∂(2𝜃) 

∂𝑠𝑖𝑛2𝜑 
 

where E is the perovskite modulus, v is the Poisson’s ratio of the 

perovskite, and θ0 is half of the scattering angle 2θ0, which corresponds to 

a given diffraction peak for stress-free perovskite (2θ0, 31.73°). It should 

be noted that 2θ is the scattering angle for the actual perovskite and φ is 

the angle of diffraction vector Nk with respect to the sample surface normal. 

For the high diffraction angle and multiplicative factor of the (012) plane, 

we chose it as the analysis object for GIXRD measurement. By fitting 2θ 

as function of sin2φ, the stress of perovskite can be calculated. The slope 

of the fitted line denotes the scale of the residual strain. And the negative 

slope indicates that the films bear tensile stress, while the positive slope 

indicates the films bear compressive stress.

9. TRPL

 The TRPL decay curves were fitted by the bi-exponential function: 

36

𝑓(𝑡) = 𝐴1  + 𝐴2  +𝐵  𝑒𝑥𝑝
( 

‒ 𝑡
𝜏1 

)

 𝑒𝑥𝑝
( 

‒ 𝑡
𝜏2 

)

 =  𝜏𝑎𝑣𝑒

∑ 𝐴𝑖𝜏
2
𝑖

∑ 𝐴𝑖𝜏𝑖



Here, τ1 is the fast transient component, τ2 is the slow component, A1 

and A2 are constants, and B is the constant for the baseline offset. 

10. SCLC

 The dark J-V curves of electron-only devices can be divided into 

three parts, i.e., the ohmic region, trap-filling limited region with a sharp 

increase in current, and trap-free child’s region. The trap density (Nt) of 

perovskite films can be calculated as follows37: 

𝑁𝑡 = 
2𝑉𝑉𝐹𝐿𝜀𝑟𝜀0

𝑞𝐿2

 where εr is the relative dielectric constant of perovskite, ε0 is the 

vacuum dielectric constant, q is the electric charge, and L is the thickness 

of perovskite film.

11. FF Loss

The FF loss between Shockley-Queisser (S-Q) limit value of FF and 

the FF measurement value consists of non-radiative recombination loss and 

charge transport loss. The FF maximum value (FFmax) without charge 

transport loss can be determined by the following equation:38,39 

𝐹𝐹𝑚𝑎𝑥 =
𝑞𝑉𝑜𝑐 ‒ 𝑛𝑘𝐵𝑇𝑙𝑛(𝑞𝑉𝑜𝑐 + 𝑜.72𝑛𝑘𝐵𝑇) ‒ 𝑛𝑘𝐵𝑇𝑙𝑛(𝑛𝑘𝐵𝑇)

𝑞𝑉𝑜𝑐 + 𝑛𝑘𝐵𝑇

where 𝑞 is the elementary charge, 𝑛 is the ideal factor, 𝑘𝐵 is 

Boltzmann constant, T is thermal equilibrium temperature. The ideal factor 



(n) can be obtained by measuring the change of open circuit voltage (Voc) 

with light intensity. The calculation method is as follows:

Here, I is the light intensity and n is the ideality factor used to 

determine the carrier compound type.40

∂𝑉𝑜𝑐

∂(ln 𝐼)
= 𝑛

𝑘𝐵𝑇

𝑞



Figure S1. 1H NMR spectrum for P-4PACz in DMSO-d6.

Figure S2. 13C NMR spectrum for P-4PACz in DMSO-d6.



Figure S3. 1H NMR spectrum for 4PABCz in DMSO-d6.

Figure S4. 13C NMR spectrum for 4PABCz in DMSO-d6.



Figure S5. Front views of calculated molecular structures with dipole 

direction of a) 4PACz, b) P-4PACz and c) 4PABCz.

Figure S6. The highest occupied molecular orbital (HOMO) energy levels 

and the lowest unoccupied molecular orbital (LUMO) energy levels of 

4PACz, P-4PACz and 4PABCz.



Figure S7. a) UV-vis absorption spectra of 4PACz, P-4PACz and 4PABCz 

films. b) UV-vis absorption spectra of 4PACz, P-4PACz and4PABCz 

solutions in THF.

Figure S8. Tauc plots of a) 4PACz, b) P-4PACz and c)4PABCz films 

obtained from UV-vis absorption spectra in Figure S7 a). 

Figure S9. UPS spectra of a) 4PACz-modified FTO, b) P-4PACz-modified 

FTO and c) 4PABCz-modified FTO.



Figure S10. Kelvin probe force microscopy (KPFM) images of a) 

FTO/4PACz, b) FTO/P-4PACz and c) FTO/4PABCz.

Figure S11. Dihedral angles of a) P-4PACz and b) 4PABCz.



100 200 300 400 500 600 700
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

W
ei

gh
t l

os
s(

10
0%

)

Temperature (℃ )

 4PABCZ
 P-4PACz
 4PACZ
 5% weight loss

281℃

331℃

370℃

Figure S12. Thermogravimetric analysis (TGA) curves of 4PACz, P-

4PACz and 4PABCz; heating rate: 10 °C/min, from RT to 700 °C under 

nitrogen atmosphere.

Figure S13. The interaction region indicator (IRI) analysis of a) 4PACz, b) 

P-4PACz and c) 4PABCz dimer and the binding energy (Ebind) were shown.



Figure S14. The IRI-π analysis of a) 4PACz, b) P-4PACz and c) 4PABCz 

dimers (only π-electrons are included in the analysis).

Figure S15. The adsorption energy of 4PACz, P-4PACz and 4PABCz after 

dehydrogenation reaction with a) perpendicular and b) parallel to the 

substrate.
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Figure S16. The formation energy difference between parallel and 

perpendicular ligand-surface orientations (Epara − Eperp) of SAMs after 

dehydrogenation reaction.



Figure S17.  The adsorption structures of a) 4PACz, b) P-4PACz and c) 

4PABCz with parallel orientation at the perovskite surface.

Figure S18. Schematic diagrams of final states in AIMD of a) 4PACz, b) 

P-4PACz and c) 4PABCz.

Figure S19. XRR measurements of a) 4PACz, b) P-4PACz and c) 4PABCz.



300 400 500 600 700 800 900
0

20

40

60

80

100

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 FTO
 FTO/4PACz
 FTO/P-4PACz
 FTO/4PABCz

Figure S20. UV-vis transmittance of 4PACz, P-4PACz and 4PABCz films 

on FTO substrates with bare FTO substrate as control.

Figure S21. XRR measurements of a) 4PACz, b) P-4PACz and c) 4PABCz 

films after rinsing with a solution of DMF and DMSO in a ratio of 4:1.



Fig

ure S22. XPS spectra of O 1s on (a,d) 4PACz, (b,e) P-4PACz and (c,f) 

4PABC films before and after washing by a polar solvent mixture (DMF: 

DMSO = 4:1 in volume).

Figure S23. Elemental mapping of P for a)4PACz, b) P-4PACz and c) 

4PABCz modified substrate.

Figure S24. Side views of equilibrated molecular representations of the 



heterojunctions with a) 4PACz, b) P-4PACz and c) 4PABCz

Figure S25. Schematic of the specific vector in a) 4PACz, b) P-4PACz and 

c) 4PABCz.The angles of vector in conjugate planes of d) 4PACz, e) P-

4PACz and f) 4PABCz with respect to SnO2 surface.

Figure S26. AFM images of a) 4PACz, b) P-4PACz and c) 4PABCz on 

FTO.



Figure S27. Conductive AFM (c-AFM) images of a) 4PACz, b) P-4PACz 

and c) 4PABCz on FTO.
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Figure S28. I–V curves of the hole-only devices to evaluate the hole 

transport ability of SAMs. The device configuration was FTO/SAMs/Ag.



Figure S29. (a-c) Charge density difference plots for perovskite/SAMs 

interfaces. (d-e) The planar average charge density along the z direction 

(The yellow region indicates electron accumulation, while the cyan region 

indicates electron depletion).

Figure S30. SEM images of perovskite surface modified by a) 4PACz, b) 

P-4PACz and c) 4PABCz films.

Figure S31. Cross-sectional SEM image of perovskite films based on a) 



4PACz, b) P-4PACz and c) 4PABCz films with FTO substrate.

Figure S32. The contact angles of perovskite droplets formed on a) 

4PACz, b) P-4PACz and c) 4PABCz films with FTO substrate.

Figure S33. The contact angles of water droplets formed on a) 4PACz, b) 

P-4PACz and c) 4PABCz films with FTO substrate.



Figure S34. GIWAXS patterns for perovskite films deposited on a) 4PACz, 

b) P-4PACz and c) 4PABCz films with Si substrate.

Figure S35. The XRD patterns of 4PACz, P-4PACz and 4PABCz 

perovskite films on a) the top surface and b) the buried surface.
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Figure S36. GIXRD patterns measured at different ψ angles from 16° to 

45° for perovskite films on P-4PACz/FTO.

Figure S37. (a) TPC and (b) TPV decay curves of PSCs based on 4PACz, 

P-4PACz and 4PABCz films respectively.



Figure S38. PLQY values of FTO/SAM/perovskite stacks and 

FTO/SAM/perovskite/PCBM stacks.

Figure S39. a) UV-vis absorption spectra and b) Tauc of perovskite films 

Figure S40. UPS spectra of a) perovskite deposited on 4PACz, b) 

perovskite deposited on P-4PACz and c) perovskite deposited on 

4PABCz.



Figure S41. KPFM of perovskite films based on a) 4PACz, b) P-4PACz 

and c) 4PABCz films.
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Figure S42. Mott–Schottky plots of 4PACz, P-4PACz and 4PABCz based 

PSCs. The curves on top of the data were extracted by linear fitting the 

drop region of Mott-Schottky plots, and Vbi was obtained via the intercept 

of the straight line with the x axis.



Figure S43. The fitting EIS spectra of PSCs based on 4PACz, P-4PACz 

and 4PABCz films.

Figure S44. a) hole-only devices structure b) the space-charge-limited 

current (SCLC) versus voltage curves for the hole-only devices based on 

4PACz, P-4PACz and 4PABCz films.
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Figure S45. Champion devices with forward scan.



Figure S46 a) VOC versus light intensity for PSCs with 4PACz, P-4PACz and 4PABCz; 

b) FF loss plot for 4PACz, P-4PACz and 4PABCz.



Figure S47. Statistical a) VOC, b) JSC, c) FF and d) PCE of the PSCs with 

substrates of 4PACz, P-4PACz, MeO-4PACz and 4PABCz.



Figure S48a. The certificate of one 4PABCz inverted device (J–V 

characterization). The report is issued by NPVM (Chinese National PV 

Industry Measurement and Testing Center). The aperture area is 0.0736 

cm2 measured by NPVM.



Figure S48b. The certificate of one 4PABCz inverted device (J–V 

characterization). The report is issued by NPVM (Chinese National PV 

Industry Measurement and Testing Center). The aperture area is 0.0736 

cm2 measured by NPVM.



Figure S48c. The certificate of one 4PABCz inverted device (steady-state 

PCE characterization). The report is issued by NPVM. The stabilized PCE 

of 25.96% is determined from MPPT for 300 s.
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Figure S49. The corresponding EQE derivation calculation results for band 

gap values and derivative of perovskite films based on 4PABCz.

Figure S50. J-V curves for PSCs based on ITO with 4PABCz and MeO-

4PACz.



Figure S51a. Certified performance of flexible inverted perovskite solar 

cell with an area of 7.46 mm2 based on 4PABCz at SIMIT.



Figure S51b. Certified performance of flexible inverted perovskite solar 

cell with an area of 7.46 mm2 based on 4PABCz at SIMIT.



Figure S52a. Certified performance of flexible inverted perovskite solar 

cell with an area of 102.80 mm2 based on 4PABCz at SIMIT.



Figure S52b. Certified performance of flexible inverted perovskite solar 

cell with an area of 102.80 mm2 based on 4PABCz at SIMIT.



Table S1. The development of inverted PSCs fabricated on ITO substrates 

and FTO substrates.

Year Efficiency Substrate structure Reference

2018 17.8% ITO/10% V1036 90% C4 41

16.7% FTO/NiMgLiO 42

2019 21.2% ITO/MeO-2PACz/MAFA 43

20.6% FTO/PEDOT:PSS 44

2020 21.24% ITO/MPA-BT-CA 45

2021 22.7% ITO/2PACz 46

22.44% FTO/Br-2EPT 47

2022 25.49% ITO/MeO-2PACz 48

24.09% FTO/NiOx/MeO-2PACz 49

2023 25.86% ITO/DMAcPA 50

25.3% FTO/2-PACz+3-MPA 51

2024 26.69% ITO/NiOx/Me-4PACz+NA-Me 52

26.15% FTO/Me-4PACz 53



Table S2. Crystal data and structural refinement for P-Cz and PB-Cz

π-scaffolds P-Cz PB-Cz
Empirical formula C18 H13 N C30 H20 N2
Formula weight 243.29 408.48
Temperature 300(2) K 293(2) K
Wavelength 1.54184 Å 1.54184 Å
Crystal system Monoclinic Monoclinic
Space group P21 C2/c
a/Å 6.4624(5) 27.8850(4)
b/Å 7.3908(5) 5.60720(10) Å
c/Å 13.2977(11) 27.8067(4) Å
α/Å 90 90
β/Å 101.493(8) 111.5670(10)
γ/Å 90 90
Volume 622.39(8) Å3 4043.37(11) Å3

Z 2 8
Density (calculated) 1.298 Mg/m3 1.342 Mg/m3

Absorption coefficient 0.578 mm-1 0.605 mm-1

F(000) 256 1712

Crystal size 0.180 x 0.160 x 0.140 mm3 0.160 x 0.140 x 0.120 
mm3

Theta range for data 
collection 3.392 to 76.602°. 3.409 to 77.734°.

Index ranges -8<=h<=8, -9<=k<=6, -
16<=l<=16

-34<=h<=34, -
7<=k<=6, -
34<=l<=34

Reflections collected 5112 26979
Independent reflections 1869 [R(int) = 0.0184] 4188 [R(int) = 0.0345]
Completeness to theta = 
67.684° 99.50% 99.90%

Data/restraints/parameter
s 1869 / 1 / 174 4188 / 0 / 289

Goodness-of-fit on F2 1.003 1.421
Final R indices 
[I>2sigma(I)] R1 = 0.0404, wR2 = 0.1050 R1 = 0.0409, wR2 = 

0.1525

R indices (all data) R1 = 0.0498, wR2 = 0.1293 R1 = 0.0446, wR2 = 
0.1574

Largest diff. peak and 
hole 0.159 and -0.178 e.Å-3 0.183 and -0.233 e.Å-3



Table S3. IRI analysis.

Sample
Integration result 

/ a.u.

Volume/ 

Bohr3

Average interactions 

(=Integration result / 

volume) / 10 -3 Bohr -3

4PACz 0.184 35.656 5.17

P-4PACz 0.168 32.508 5.16

4PABCz 0.366 69.195 5.29



Table S4. Coverage factors and corresponding parameters of devices with 

SAMs.

Atomic concentration (%)

P2p Sn3d P/Sn

4PACz 1.62 22.19 0.073

4PACz-washed 0.76 18.85 0.040

P-4PACz 1.2 15.38 0.078

P-4PACz-washed 1.23 24.15 0.051

4PABCz 1.42 13.8 0.103

4PABCz-washed 1.61 19.09 0.084



Table S5. The PL decay fitting parameters of SAMs/perovskite junctions 

and SAMs/perovskite/ PCBM.

Samples A1 τ1(µs) A2 τ2(µs) τave(µs)

4PACZ 156.746 0.100 88.410 1.042 0.905

P-4PACz 210.329 1.011 53.497 4.191 2.643

4PABCz 219.635 0.868 53.488 5.049 3.319



Table S6. PLQY and QFLS values of FTO/SAM/perovskite stacks, 

FTO/SAM/perovskite/PCBM stacks, and 

FTO/SAM/perovskite/PDI/PCBM stacks.

Samples PLQY QFLS

4PACz/perovskite 0.76 1.152

0.68 1.149

P-4PACz/perovskite 3.77 1.192

3.83 1.193

4PABCz/perovskite 5.89 1.203

5.44 1.201

4PACz/perovskite/PDI/PCBM 0.53 1.142

0.50 1.141

P-4PACz/perovskite/PDI/PCBM 3.24 1.188

2.86 1.185

4PABCz/perovskite/PDI/PCBM 4.01 1.193

4.39 1.196

4PACz/perovskite/PCBM 0.24 1.121

0.25 1.122

P-4PACz/perovskite/PCBM 1.09 1.160

1.12 1.161

4PABCz/perovskite/PCBM 2.30 1.179

2.49 1.181



Table S7. Non-radiative recombination loss.

Samples
Bandgap 

(eV)

QFLS rad 

(eV)

𝑞∆𝑉 𝑛𝑜𝑛𝑟𝑎𝑑
𝑜𝑐 ‒ 𝑖𝑚𝑝

(V)

4PACz 1.55 1.277 0.125

P-4PACz 1.55 1.276 0.084

4PABCz 1.55 1.276 0.076



Table S8. Photovoltaic parameters (scanned forward) of champion devices 

treated by 4PACz, P-4PACz, MeO-4PACz, 4PABCz based on FTO

Samples Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

4PACz 1.14 23.68 65.04 17.53

P-4PACz 1.18 24.58 75.20 21.77

MeO-4PACz 1.15 25.66 81.13 23.94

4PABCz 1.19 26.12 85.11 26.44



Table S9. Efficiency of recently reported inverted PSCs based on FTO.

Reference Eg (eV) Voc (V) Jsc (mA cm–

2) FF (%) PCE (%)
Certified
PCE (%)

Nature, 2023, 624, 
289–294.51 1.54 1.16 25.8 84.1 25.3 24.8 

(QSS)

Science,2023, 382, 810-
815.54 \ 1.17 26.2 85.8 26.4 25.1 

(QSS)

Angew. Chem. Int. 
Ed. 2024, 63, 
e202409689.55

\ 1.17 24.83 86.24 25.05 \

Science,2024, 384, 878-
884.56 1.53 1.18 25.9 85.4 26 \

Science,2023, 382, 
1399-1404.57 1.52 1.16 26.15 84.1 25.5 25.2 

(QSS)

Energy Environ. Sci., 
2024,17, 1153-1162.53 1.55 1.18 25.67 86.47 26.15 25.52 

(QSS)

Adv. Mater. 2024, 36, 
2404797.58 1.54 1.19 25.46 85.09 25.78 25.36

Adv. Energy 
Mater. 2024, 14, 

2304486.59
1.52 1.17 25.77 84.02 25.35 24.87

Adv. Energy 
Mater. 2024, 14, 

2303941.1
1.55 1.21 25.18 84.23 25.6 24.48

Energy Environ. Sci., 
2024, 17, 7342-7354.60 1.53 1.169 26.07 85.06 25.92 25.77

Adv. Mater. 2024, 36, 
2401537.61 \ 1.16 25.59 84.74 25.15 \

This work 1.55 1.192 26.20 86.14 26.90
26.81 
(MPP:25
.96%)

QSS is quasi-steady-state, MPP is maximum-power-point tracking.



Table S10. Photovoltaic parameters of champion devices treated by MeO-

4PACz and 4PABCz on ITO.

Samples
Scan 

direction

Voc 

(V)

Jsc(mA cm-

2)

FF 

(%)

PCE 

(%)

Forward 1.35 24.78 79.51 22.36MeO-

4PACz Reverse 1.15 24.85 80.67 22.99

Forward 1.19 25.97 83.88 25.934PABCz

Reverse 1.20 25.75 84.54 26.08
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