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1. Materials

Dimethylformamide (DMF, >99%), dimethyl sulfoxide (DMSO, >99.5%),
chlorobenzene (CB, anhydrous, 99.8%) were purchased from Sigma-Aldrich. Isopropyl
alcohol (IPA, anhydrous, 99.8%) was purchased from Acros. The NiOy powder, lead
iodide (Pbl,, 99.99%) and lead bromide (PbBr;) were purchased from Advanced
Election Technology Co., Ltd. Csl, [6,6]-Phenyl-Cg;-butyric acid methyl ester
(PCBM), 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), methylammonium
chloride (MACI), formamidinium iodide (FAI) and methylammonium bromide
(MABr) were purchased from Xi’an Yuri Solar Co., Ltd. [4-(3,6-Dimethyl-9H-
carbazol-9-yl)butyl|phosphonic Acid (Me-4PACz) was purchased from was purchased
from Acros (TCI). Melamine (MEA) was purchased from Aladdin.

2. Fabrication of Rigid Small-Area PSCs

The ITO-coated glass substrates (purchased from Wuhan Lattice Solar Energy
Technology Co. LTD.) were ultrasonically cleaned with soap solution, deionized water,
ethanol and isopropyl alcohol each for 20 min, respectively, and then dried under a
stream of nitrogen. The pre-cleaned ITO/glass substrates were treated with UV-Ozone
(UVO) for 15 min to remove the organic residue. The NiO nanoparticle solution (10
mg/mL) was spin-coated onto the ITO/glass substrates at 2000 rpm for 30 s and
annealed for 10 min at 150°C, then quickly transferred to a glove box. Me-4PACz (0.3
mg/mL in ethanol) was spin-coated on NiO, at 4000 rpm for 30 s, annealed for 10 min
at 100°C and cooled for 5 min.

Pbl, powder (1.5 M) in mixed solvent (DMF and DMSO with volume ratio of 9:1)
was dropped onto the HTL and spin-coated at 2500 rpm for 30 s, then annealed for 1
min at 70°C. The perovskite films modified with Csl, MEA or CsI&KMEA were

prepared by adding 75 mM Csl, 2.5 mg/ml MEA or both in Pbl, precursor, respectively.



Notedly, the solution of Pbl, precursor with MEA was required to be continuously
heated at 70°C to preserve its transparency and suppressing the formation of
precipitates. Organic salts solution (FAI/MAI/MACI (90:6.4:10 mg) in 1 mL IPA was
dynamically dropped onto the Pbl, film after 5 s of the process starting at 3500 rpm for
35 s, and then annealed for 50 min at 100°C. For post-treatment, 1 mg/mL PEAI in
mixed solvent (IPA: DMSO=150: 1) was dynamically spin-coated onto the perovskite
surface with 4000 rpm for 30 s, and then annealed for 5 min at 100°C. Next, 20 mg/mL
PCBM in CB and 0.5 mg/mL BCP in IPA was spin coated at 4000 rpm for 30 s,
respectively. Finally, the Ag top electrode (100 nm) was deposited by thermal
evaporation in vacuum through a shadow mask defining the device active area as 0.048

cm?.

3. Fabrication of flexible perovskite solar cells

The PEN/ITO substrates were sequentially cleaned with soap solution, deionized
water, ethanol and isopropyl alcohol each for 20 min, respectively, by using an
ultrasonic water bath and dried in a nitrogen flow. Maintaining the flatness of the
flexible substrate during device manufacturing is the key to achieve highly efficient
flexible PSCs. Attaching the flexible substrates to the glass substrate and using PDMS
for mechanical support. The cleaned PEN/ITO substrate was treated with 0> PLASMA
for 15 min. The latter processing is the same as for the preparation of the perovskite

solar cells with rigid substrates.

4. Characterizations

The perovskite films were characterized by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Scientific K-Alpha). Ultraviolet photoelectron spectra
(UPS) were also measured by Thermo Scientific ESCALAB 250Xi, with the Hel (21.22
eV) emission line employed for excitation. The surface microstructure of perovskite
films and the cross-sectional images of PSCs were obtained using SU-70 high-

resolution analytical SEM (Hitachi, Japan). PL and TRPL spectra of perovskite films



were obtained using Edinburgh fluorescence spectrometer (FLS980). The X-ray
diffraction (XRD) patterns of perovskite films were obtained using X’Pert PRO MPD
X-Ray diffractometer with Cu Ka irradiation at a scan rate (20) of 0.0167 ° S-!. For J-V
measurements, the intensity of the light was 100 mW c¢m™? (simulated AM 1.5 G)
provided by ABET Sun 3000 solar simulator and calibrated by a standard silicon
reference cell. Grazing incidence X-ray diffraction (GIXRD) was performed using
Rigaku SmartLab. Atomic force microscopy (AFM) measurements were performed by
Bruker Multimode. The IR s-SNOM measurements were carried out using a neaSNOM
microscope (Neaspec, Haar, Germany) in PsHet mode with a Mid-IR laser MIRcat-
2400 (Daylight Solutions, USA) installed inside the MBraun glove box (O,, H;O < 0.1
ppm). The J-V curves, space charge-limited current (SCLC) and electrochemical
impedance spectroscopy (EIS) measurements for the solar cells were performed using
Autolab TYPE II electrochemical work station. The external quantum efficiency (EQE)
spectra of the solar cells were obtained using QTest Hifinity 5 (Crowntech, USA). The
operational stability of the FPSCs was studied at maximum power point tracking
(MPPT) using a 100 mW c¢m2 white LED lamp (Suzhou D&R Instrument Co., Ltd.) in

an N,-filled glove box.

5. Density Functional Theory Calculations

For molecular docking calculations we used the GAUSSIAN 09 suite of programs
with the hybrid B3LYP functional and the 6-311G* basis set for organic atoms as well
as Lanl2Dz basis set for Pb and I. The D3 dispersion correction was also included.! To
perform the docking calculation we took a monolayer Pbl, (ML-Pbl,) and cut a 5x5x1
cluster (Pb,slsg) . Either a single melamine (MEA) or two MEA were docked onto the
various possible sites (I-rich, Pb-moderate,Pb-rich) of the ML-Pbl, cluster. Only the
melamines were allowed to geometrically relax while the Pbl, was kept frozen, this is
related to the fact that the terminations of such a small ML-Pbl, cluster will make the
cluster lose integrity by forming I; chains and Pb(0) at the terminations. The adsorption

energy of the MEA on the Pbl, cluster was calculated as:



Eads(Dq) = EPbIZ/pass(Dq) - EPbIZ(Dq) - Epass (7)

EPbIZ/pass

where D? either indicates whether the species is pristine or defective. is the

energy of the Pbl, cluster with passivant added, Epo 2 1s the passivant-free Pbl, cluster
and Epass is the energy of the passivant (MEA).

To perform MEA adsorption calculations on the surface of perovskites we used
the Vienna Ab initio Simulation Package (VASP) of programs.? The a-FAPbI; (100)
surface was used as our base to build supercells. For convenience, we further consider
the (100) direction as the “z-axis”. By this convention we built supercells with a
dimension of 3x3x5 which we previously found to be a decent compromise in quality
and computational speed. A vacuum of 20 A was added above the surface of FAPI to
minimize interactions between periodic images. The calculation was done with a full
relaxation of atomic and lattice constants with only the restriction that the cell volume
remains constant.

The calculations were performed with Gamma-point sampling of the momentum
space and then improved to 2 x 2 x 1 . The PBE functional was used and, just as in the
case of the molecular calculations, combined with D3 dispersion correction.® # The
projector augmented-wave (PAW) pseudopotentials were used and we chose an energy
cut-off of the plane-wave component of 520 eV,> ¢ an increase to 650 eV did not
produce a noticeable change in energies indicating that our chosen value is sufficient.
Also, we included the so-called non-spherical contributions to the gradient inside the
PAW spheres. These corrections have shown improvement when simulating the
observables of perovskite oxides.” For adsorption calculations we used equation (1)

except the Pbl, is to be replaced with FAPDI;.



6. Figures and tables

Fig. S1 NBO charges of Melamine molecule localized to atoms where red is negative,

blue is positive and green is neutral with a charge color range of -0.5 to 0.5.




Fig. S2 Dimerization of a melamine salt pair with itself via a double NH,-N(azine)
hydrogen bond and the corresponding NBO charges localized to atoms where red is
negative, blue is positive and green is neutral with a charge color range of -0.5 to 0.5..
The dimerization energy is predicted to be -0.59 eV at the B3LYP/6-311+G* level.

When compared to Fig. S1 we note the notable charge transfer between NH,-N(azine).

Fig. S3 Tetramerization of two melamine salt dimers via double NH,-N(azine)
hydrogen bond and the corresponding NBO charges localized to atoms where red is
negative, blue is positive and green is neutral. The dimerization energy is predicted to
be -0.88 eV per dimer at the B3LYP/6-311+G* level. When compared to Fig. S1 we

note the significant charge transfer between NH,-N(azine).



Fig. S4 Passivation of a 5 x 5 x 1 ML-Pbl, supercell by 1 MEA (Pb-rich termination).
This was the most energetically-favorable docking of a single MEA molecule among

many others tested.
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Fig. S5 Comparison of the 'H (a) and *C (b) NMR spectra of individual MEA solution

(cyan) and MEA+PbI, equimolar mixture solution (red) in DMSO-d6 with the addition

of DMF as internal standard.
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Fig. S6 Comparison of the 'H NMR spectra of individual MEA solution (cyan) and
MEA-+Csl equimolar mixture solution (red) in DMSO-d6 with the addition of DMF as

internal standard.
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Fig. S7 Comparison of the '3*Cs NMR spectra of individual CsI solution (cyan) and
MEA-+Csl equimolar mixture solution (red) in DMSO-d6 with the addition of DMF as

internal standard.
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Fig. S8 Comparison of the 'H NMR spectra of individual solutions of FAI (green),

MEA (blue) and MEA+FAI equimolar mixture solution (red) in DMSO-d6 with the

addition of DMF as internal standard.
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Fig. S9 Comparison of the "H NMR spectra of individual solutions of MAI (blue), MEA
(green) and MEA+MAI equimolar mixture solution (red) in DMSO-d6 with the

addition of DMF as internal standard.
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Fig. S10 Comparison of the '"H NMR spectra of individual solutions of MACI (green),
MEA (blue) and MEA+MALI equimolar mixture solution (red) in DMSO-d6 with the

addition of DMF as internal standard.
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Fig. S11 (a) FWHMs of the first XRD peak for the differently processed Pbl, films and
the (111) diffraction peak in the differently processed perovskite films. (b) Zoom of the
first Pbl, diffraction peak of the differently processed Pbl, films. (¢c) Zoom of the (111)

diffraction peak of the differently processed perovskite films.
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Fig. S12 (a) UV-vis absorption spectroscopy and (b) the optical bandgaps of differently

processed Pbl, films.



Fig. S13 (a-b) Top view (the scale bar is 200 nm) and (c-d) cross-sectional SEM images
(the scale bar is 200 nm) and (e, f) AFM topography images of Pbl, (left) and
Pb,L+MEA (right) films (5 pum % 5 um).
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Fig. S14 (a) N 1s XPS core level and (b) survey XPS spectra of differently prepared

perovskite films.
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Fig. S15 The I/Pb atomic ratio on the surface of differently processed perovskite films.
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Fig. S16 Pb 4f XPS core level spectra at the binding energy of around 136 eV for

differently processed perovskite films.
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Fig. S17 (a) UV-vis absorption spectroscopy and (b) the optical bandgaps of differently

processed perovskite films.



Fig. S18 Top view SEM images of the Control (a) and CsI&MEA (b) perovskite films.
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Fig. S19 IR s-SNOM images (red and blue color code) (5 pm x 5 pm) showing the
spatial distribution of organic cations (MA, FA) and MEA additive. To visualize the
relative distribution of two different components (e.g., MA and FA), one map (green-

blue code) is superimposed with another (red-blue code).
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Fig. S20 FTIR mapping results for differently processed perovskite films at the
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(fourth column). The distributions of MA (red) and FA (green) cations are

superimposed at the images in the third column.
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Fig. S21 TRPL spectra of the Control and CsI&MEA perovskite films analyzed using

a monoexponential decay fit at the “late part” of the PL decay.
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Fig. S23 UPS spectroscopy data: (a) the secondary-electron cut-off binding energy and

(b) the valence band region of differently processed perovskite films
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Fig. S24 (a—d) The J-V curves of differently processed perovskite solar cell devices in

forward and reverse scan directions.
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Fig. S25 The J-V curves of the champion PSCs devices assembled using different

concentrations of Csl.
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Table S1 Surface tension of the standard liquids and contact angles for the differently

processed Pbl, films.

Surface Tension (mN m'!) Contact Angle/8 (°)

Liquid (L) . .
Total | Dispersive | Polar Control | CsI | MEA | CSI&MEA

(ro) (4% (yLP)

Diiodomethane | 50.8 50.8 0 3533 | 36.10 | 37.93 38.43

Water 72.3 18.7 53.6 | 69.44 | 71.26 | 73.13 74.45




Table S2 The calculated surface tension of the differently processed Pbl, films

Surface Tension (mN m!)

PbL, film Total (ys) Dispersive (ys9) Polar (ysP)
Control 49.99 41.87 8.12
Csl 48.90 41.51 7.39
MEA 47.42 40.63 6.79
CsI&MEA 46.68 40.39 6.29




Table S3 Fast and slow components of the PL decay curves and their corresponding

ratios for differently processed perovskite films.

Samples Aq T1(ns) A, T,(ns) Tave (NS)
Control 0.15 40.84 0.85 455.36 448.66
Csl 0.12 11.64 0.88 795.51 793.98
MEA 0.25 19.36 0.75 1158.68 1152.29
CsI&MEA 0.03 94.28 0.97 1242.98 1240.26

T.ve can be calculated by the equation:

2 2
A *x1"+ A, %1,

ave —

T
Ajx1 + A, %1,



Table S4 Summary on Eygy and Ecgy energies of differently prepared perovskite
absorber films.

Samples Evpm (eV) Ecm (eV) Er (eV)
Control -5.54 -4.0 4.67
Csl -5.56 -4.02 4.66
MEA -5.59 -4.05 4.49
CsI&MEA -5.60 -4.06 4.47




Table S5 Performance summary for the champion devices assembled using different

concentrations of Csl.

Scanning Voc FF Jsc PCE
Samples o 2
direction V) (%) (mA cm™) (%)
Reverse 1.158 772 24.64 22.03
Control F d
orwar 1.155 71.1 25.01 20.55
Reverse 1.153 80.6 25.07 23.29
Csl-2.5% F d
orwar 1.152 76.0 25.04 21.92
Reverse 1.162 80.4 25.20 23.55
Csl-5% F d
orwar 1.155 80.4 25.17 23.38
Reverse 1.157 0.0 25.03 23.16
Csl-10%

Forward 1 |5 73.9 24.98 21.24




Table S6 Performance summary for the champion devices assembled using different

concentrations of MEA.

Samples Scanning Voc FF Jsc PCE
p direction V) (%) (mA cm?) (%)
Reverse 1.158 772 24.64 22.03
Control F d
orwar 1.155 71.1 25.01 20.55
Reverse 1.184 80.9 25.14 24.07
MEA-2 mg
Forward 4 1g4 80.3 25.11 23.86
Reverse
MEA-2.5 1.189 81.6 25.29 24.54
mg Forward 186 815 25.18 24.35
Reverse 1.186 80.6 25.21 24.11
MEA-3 mg

Forward 156 803 25.15 23.95




Table S7 Summary on the photovoltaic parameters of inverted PSCs via sequential

deposition method extracted from recent literature on all PSCs.

Year | Eg(eV) | Voco(V) | FE(%) JSC(“;;* M PCE(%) Ref.
2022 1.63 120 | 804 21.82 21.02 8
2023 1.55 1.13 82.0 25.2 23.4 9
2023 1.56 1162 | 82.28 24.47 23.40 10
1.54 1.199 | 83.7 25.56 25.66 | This work




Table S8 The detailed & and residual tensile stress of different perovskite films.

Samples k tensile stress (Mpa)

Control -0.249 168.2

CsI&MEA -0.045 30.4
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