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Experimental Section

Materials: Formamidinium iodide (FAI), 4-Methoxy-phenethylammonium iodide (4-
MeO-PEAI), n-Hexylammonium iodide (n-HeXAI) were purchased from greatcell
solar. Propane-1, 3-diammonium iodide (PDAI,, >98%), lead chloride (PbCl,,
99.999%), cesium iodide (Csl, 99.999%), lead bromide (PbBr;, 99.999%), Dimethyl
sulfoxide (DMSO, anhydrous, 99.9%), N,N-Dimethylformamide (DMF, anhydrous,
99.8%) were purchased from Sigma-Aldrich. Propylamine hydroiodide (PAI, >99.5%),
Butylamine hydroiodide (BAI), Methyldiammonium diiodide (MDAI,, 98%),
Phenylmethylammonium chloride (PMACI, >99.5%), Methylammonium chloride
(MACI), Methylammonium bromide (MABr), 2,9-dimethyl-4, 7-diphenyl-1, 10-
phenanthroline (BCP), lithium fluoride (LiF) was purchased from Xi’an Yuri Solar.
Lead iodide (Pbl,, 99.99%), Dimethoxy-9H -carbazol-9-yl)ethyl]phosphonic acid
(MeO-2PACz, 98.0%) were purchased from TCI. Copper (Cu), anhydrous ethanol
(AR), and Diethyl ether anhydrous (DE, AR) were purchased from Sinopharm
Chemical Reagent. Ultra-dry chlorobenzene (CB), N-(4-carboxyphenyl)guanidine
hydrochloride (GuaBCl, 99%), and Ethyl acetate (EA, extra dry, 99.8%) were
purchased from Innochem. Anisole (extra dry, 99%) was purchased from Energy
Chemical. Isopropanol (IPA, 99.5%) was purchased from Macklin. Fullerene (C60,
99.9%) was purchased from Advanced Election Technology. Toluene (TL, 99.5%) was
purchased from Yonghua Chemical. All chemicals were not further purified.
Preparation of the perovskite precursor solution: the 1.5 M perovskite precursor

solution was prepared via dissolution of 18.37 mg Csl, 197.86 mg FAI, 6.76 mg MABEI,



8.88 mg MACI, 577.15 mg Pbl,, 22.2 mg PbBr; in 8§73 uL. DMF and DMSO solution
(v/v=o0f4: 1) and stirring 3 hours at room temperature. Then, 1.1 mg/mL PMACI, 2.1
mg/mL PbCl,, and 1 mg/mL GuaBCl were added into the perovskite precursor solution
and stirred for 30 minutes. Finally, the precursor solution was filtered with 0.45 um
poly(tetrafluoroethylene) (PTFE) filters.

Device Fabrication: The indium tin oxide (ITO) glass substrates were washed in IPA
and acetone by ultrasonic treatment for 20 min, respectively. Then, the ITO substrates
were treated with UV-ozone (UVO) for 15 min. The ethanol solution of MeO-2PACz
was spin-coated onto the ITO glass substrates at 5000 rpm for 20 s, followed by
annealing at 110 °C for 10 min to fabricate the self-assembled monolayer (SAM). The
perovskite precursor solution was spin-coated on SAM at 1000 rpm for 10 s, then, 200
uL CB or TL: DE@IPA = 4: 1@10% or n-HeXAI and 4-MeO-PEAI in TL: DE@IPA
(n-HeXAI: 4-MeO-PEAI = 9: 1, 1.5 mg/mL in IPA) were rapidly added to the top of
the perovskite at 3000 rpm for 30 s, 15 s before the end of the spin-coating process. The
film was annealed at 110 °C for 15 min. For surface passivation, The IPA solution of
PDALI, was cast onto 5000 rpm spun perovskite films, followed by annealing at 110 °C
for 10 min. Finally, 2.5 nm LiF, 18 nm C60, 4.5 nm BCP, and 80 nm copper electrodes
were sequentially thermal evaporated onto these perovskite films.

Perovskite mini-module fabrication: The perovskite solar modules (PSMs)
consisting of 6 sub-cells connected in series were fabricated on ITO glass substrates
with dimensions of 6.0 cm x 6.0 cm. The series interconnection of the mini-module

was accomplished by means of P1, P2, and P3 lines, which were scribed with a laser



scribing system of 1064 nm at a power of 20 W. The P1 lines (a width of 27 um) were
pre-patterned on the ITO glass substrates by utilizing 28% of a laser power under a
speed of 400 mm/s with a frequency of 100 kHz and a pulse duration of 120 ns. The
ITO substrate was cleaned with organic solvent and treated with UVO for 15 min.
Compared to the fabrication of hole transport layer (HTL), perovskite and surface
passivation layers for small area solar cells, except for a corresponding increase in the
amount of solution, other parameters remain unchanged. Subsequently, 30 nm C60 and
30 nm SnO, were sequentially thermal evaporated and atomic layer deposition onto
these perovskite films. Before the copper electrode deposition process step, the P2 lines
(a width of 50 pm) were patterned. This was accomplished at an average laser power
of 29% under a speed of 400 mm/s with a frequency of 500 kHz and a pulse duration
of 120 ns. When the 100 nm thick copper electrode was deposited, the P3 lines (a width
of 45 pm) were patterned following the same scribing conditions as the P2 lines.

Electrical Measurements: Current density and voltage curves (J-V) were performed
by utilizing a Keithley 2450 primary meter, and the light source was the simulated
AM1.5G irradiation (100 mW/cm?) generated via the xenon-lamp-based ZOliX SS150
solar simulator. The light intensity was calibrated by a standard silicon solar cell. All
J-V curves were obtained in reverse scan mode with a scan rate of 0.04 V/s. The EQE
measurements were carried out with the Enli QE measurement kit (Enli Technology
Co., Ltd) and samples were calibrated by standard reference silicon solar cells with a
known EQE. Unless specified, all perovskite solar cells had an operating area of 9 mm?,

which was determined by the overlap area of the ITO and Cu electrodes. All devices



were encapsulated by utilizing exopy and cover glass in nitrogen-filled glove box. All
measurements of the encapsulated devices were performed in the air environment.
Stability testing: The illumination source is white light-emitting diode (LED) with its
intensity calibrated to match 1-sun conditions. For the ISOS-D-1 ageing test, the
encapsulated cells were placed at dark storage and open-circuit voltage with
temperature of 15-35 °C. To perform operational stability tests of the encapsulated
devices, we kept the devices at 55-65 °C in the nitrogen gas. The encapsulated devices
were measured periodically after 20 min cooling in ambient air. The operational
stability of the encapsulated PSCs was measured by a home-made stability test system
operating in the MPP tracking mode. The device performance was evaluated
periodically.

Characterization: The scanning electron microscope (SEM) images were taken by
using ZEISS GeminiSEM 500. The X-ray diffraction pattern (XRD) was taken from
Rigaku Smartlab with X-ray generator at 3 KW assisted by copper Ka radiation (4 =
1.5418 A) with the scanning range and scanning speeds are 5° to 50° and 5 degrees/min.
The UV-vis-NIR absorbance spectrum was performed by using PerkinElmer Lambda
650S UV-vis-NIR Spectrophotometers. The photoluminescence (PL) spectrum and
time-resolved photoluminescence (TRPL) spectrum were carried out on the HORIBA
Delta Flex fluorescence spectrometer. A 372 nm laser was utilized as an excitation
source to collect signals at 700-900 nm. Atomic force microscope (AFM) and kelvin
probe force microscopy (KPFM) images were performed by Bruker Dimension Icon

XR equipment in Scanasyst-Air and Peak force KPFM mode. X-ray photoelectron



spectroscopy (XPS) was characterized by Thermo Fisher Scientific K-Alpha and XPS
spectra were calibrated by the reference C Is level at 284.8 eV. Ultraviolet
photoelectron spectroscopy (UPS) was conducted in Thermo Fisher Scientific K-Alpha
system with a He la photon source (4, = 21.22 eV) and a bias voltage of -5 V. All of
the UPS and XPS spectra were processed and fitted via Advantage software. Light
intensity-dependent measurements for ideality factors were measured with a series of
neutral optical density filters. The Mott-Schottky analysis and Electrochemical
impedance spectroscopy (EIS) were measured by the CHI 660E potentiostat system.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS): Depth profiling of
perovskite films was carried out by utilizing an ION-TOF TOF-SIMS V time-of-flight
SIMS (TOF-SIMS) spectrometer. Analysis was completed by utilizing a 30 kV Bi
primary ion gun. High mass resolution depth profiles were completed with a 30 KeV
Bi** primary ion beam (1.0 pA pulsed beam current) and the analysis area was 100 X
100 um. The primary ion beam dose density was kept below 7.2 x 103 ions/cm? to
remain under the static-sims limit. Sputter depth profiling was accomplished with a 1
keV O, ion beam (110 nA sputter current) and the sputter area was 300 x 300 um.
Grazing-incidence wide-angle X-ray scattering (GIWAXS): The GIWAXS patterns
were obtained by Xenocs Xeuss 2.0 under the incidence angle of 2°. The X-ray
generator power was 30 W and was assisted by copper radiation (A = 1.54189 A). The
pixel size was 172 x 172 um and the distance between the detector and sample was 150
mm. The data were recorded by utilizing the detector of Pilatus 3R 300K.

Computing Methods: Geometrical optimization and electronic configuration



calculations were performed using the Vienna ab initio simulation package (VASP)!
within the framework of density functional theory.” 3 Standard Perdew-Burke-
Ernzerhof (PBE) functionals* were utilized for energy minimization. The interactions
between valence electrons and ion cores were treated with ultrasoft pseudopotentials.
The Pb 5d'%6s%6p?, I 5s25p°, N 2s22p3, C 2s?2p? and H 1s' atomic orbitals were treated
as valence orbitals®. The valence electron wave functions were expanded in plane-wave
basis sets with a cutoff energy of 450 eV. A 2 x 2 x 1 Monkhorst-Pack k-point mesh
was applied for sampling the first Brillouin zone of the supercell with the dimension of
12.65 x 12.72 x 41.10 (A3). The vacuum thickness was set to 15 A for slab model
sampling the surface, which is enough to avoid the interaction between image layers.
The energy minimization stopping criterion was less than 1.0 x 103 eV per atom. The
atomic positions were fully relaxed until the residual forces below 0.03 eV A-!. And the
electronic structures were self-consistently calculated based on the relaxed configures.
The charge density difference was computed with aid of the vaspkit developed by V.

Wang et. al.’
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Figure S1. The statistics of photovoltaic parameters derived from the J-J characteristic
curves of devices based on different anti-solvents (anisole, EA, CB, DE, TL). For each
type of anti-solvent, five devices were fabricated to analyze the photovoltaic
parameters. The photovoltaic parameters of all the PSCs were determined by J-V

measurements at a scan condition of 0.04 V/s.
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Figure S2. The statistics of photovoltaic parameters derived from the J-J characteristic
curves of devices based on the varied ratio of the hybrid anti-solvent. The specific
meaning of the horizontal coordinate is the volume ratio of anti-solvent DE, TL and

IPA: DE: TL@IPA.
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Figure S3. The statistics of photovoltaic parameters derived from the J-J characteristic

curves of devices with different IPA volume ratios in the hybrid anti-solvent. The

volume ratio of anti-solvent DE: TL is 2: 1.
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Figure S5. The statistics of photovoltaic parameters derived from the J-J characteristic

curves of devices based on different 2D materials in the hybrid anti-solvent (volume
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Figure S6. The statistics of photovoltaic parameters derived from the J-V characteristic
curves of devices based on the varied ratio of 2D materials in the hybrid anti-solvent
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Figure S7. The statistics of photovoltaic parameters derived from the J-J characteristic

curves of devices based on different concentrations of the mixed 2D materials (4-MeO-

PEAI: n-HeXAI = 1: 9) in the hybrid anti-solvent (DE: TL@IPA = 4:1@10%).
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Figure S9. The FF loss analysis for control, hybrid anti-solvent and 4-MeO-PEAI and

n-HeXAI modified PSCs.

Figure S10. Water contact angles of the control, hybrid anti-solvent and 4-MeO-PEAI

and n-HeXAI modified perovskite films.
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Figure S12. The equivalent circuit model for electrochemical impedance spectroscopy
(EIS) fitting of PSC, which includes series resistance (R;), recombination resistance

(Ryc) and capacitance (C).
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Figure S15. The normalized PL spectra of the control, hybrid anti-solvent and 4-MeO-
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Figure S16. (a, b, ¢) The AFM images and (d, e, f) two-dimensional surface potential
images were measured by utilizing KPFM for control, hybrid anti-solvent and 4-MeO-

PEAI and n-HeXAI modified perovskite films with 4 pm x 4 um area size.
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HeXAI modified perovskite films.
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solvent and 4-MeO-PEAI and n-HeXAI modified perovskite films.
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films.

23



(a) (b)

7F 60000
(001) === n-HeXAl

=== 4-MeO-PEAI

= MDAI, 50000

=== BAI
- PAI —~ 40000 -
E] === PDAI, 5
8 8
2 230000
] 7]
c
$ 8
£ £ 20000

(112)
10000 |
T 'Il' T T T 0 T T T T T
13.5 14.0 14.5 345 35.0 35.5 Hybrid Target n-HeXAl 4-MeO PAI BAI  MDAI, PDAI,
anti -PEAI
Degree (26) solvent

Figure S21. (a) The XRD spectra of (001) and (112) crystalline surfaces and (b) the
intensity of (001) diffraction peaks for hybrid anti-solvent, 4-MeO-PEAI modified, n-

HeXAI modified, 4-MeO-PEAI and n-HeXAI modified, PAI modified, BAI modified,

PDAI, modified, MDAI, modified perovskite films.
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Figure S22. Schematic of free energy as a function of particle radius in classical

nucleation theory.
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Table S1. Summary of certified inverted (p-i-n) and regular (n-i-p) perovskite solar

cells in last one year. *N (%) represents the V,. x FF relative to the S-Q limits of its

corresponding band gap.

E, Voc FF Voc % *N Organ-
Structure Type Ref.
eV) (V) (%) FF (%) ization

n-i-p 1.54 1.174 84.23 98.84 87.55 NIM Fast-scan 6
n-i-p 1.54 1.1799 83.10 98.05 86.85 Newport Fast-scan 7
n-i-p 1.55 1.178 85.45 100.66 88.43 SIMIT  Fast-scan 8
n-i-p 1.52 1.1835 84.04 9946 8956 DGTP  Fast-scan 9
n-i-p 1.55 1.197 82.67 9896 8694 NPVM Fast-scan 10
n-i-p 1.52 1.178 83.6 9848 88.67 NPVM  Fast-scan 11
n-i-p 1.54 1.191 84.2 100.28 88.82 JET Fast-scan 12
n-i-p 1.54 1.185 842 99.78 8838 NPVM  Fast-scan 13
n-i-p 1.55 1.147 849 9738 8555 SIMIT Fast-scan 14
n-i-p 1.52 1.186 8498 100.79 90.75 NPVM  Fast-scan 15
n-i-p / 1.170  82.63  96.68 / NIM Fast-scan 16
p-i-n 1.53  1.179 84.13 99.19 8856 SIMIT  Fast-scan 17
p-i-n 1.55 1.155 85.68 9896 8694 NPVM Fast-scan 18
p-i-n 1.54 1.197 8333 99.75 8835 PWQC Fast-scan 19
p-i-n 1.55 1.179 8332 9823 8630 SIMIT Fast-scan 20
p-i-n 1.53 1.17 83.14 97.27 86.85 SIMIT Fast-scan 21
p-i-n 1.55 1.17 8495 9939 8731 SIMIT Fast-scan 22
p-i-n 1.53 1.167 85.72 100.04 89.32 Enli Tech Fast-scan 23
p-i-n / 1.187 8237 97.77 / NIM Fast-scan 24
p-i-n / 1.188 84.17 99.99 / SIMIT  Fast-scan 25
p-i-n 1.53  1.192 84.11 100.26 89.52 NPVM  Fast-scan 26
p-i-n 1.54 1.165 84.45 9838 87.14 PWQC Fast-scan 27
p-i-n 1.56 121 84.65 10243 89.25 SIMIT  Fast-scan 28
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p-i-n
p-i-n
p-i-n
p-i-n
p-i-n
p-i-n

p-i-n
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1.56
1.55
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1.55
1.50
1.53
1.53

1.55

1.1595
1.176
1.1834
1.158
1.1698
1.174
1.19

1.201
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84.91
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83.61

85.85
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99.85
96.09
97.28
97.64
100.03

99.5

103.11

83.9
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88.84
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NREL QSS
SIMIT  Fast-scan
Newport QSS
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NREL QSS
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NPVM
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29
30
31
32
33
34
35

This

work
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Table S2. Summary of mini-module efficiency from the top journal in the last one year.

Active area Voc Isc FF PCE
Structure Ref.
(cm?) V) (mA) (%0) (%)
n-i-p 27.60 — — — 22.90 36
p-i-n 7.20 6.82 29.20 77.40 21.40 27
p-i-n 14.65 6.90 56.70 78.70 21.00 31
n-i-p 14.00 — — 17.64 37
n-i-p 18.00 8.91 54.9 76.4 20.76 38
n-i-p 14.40 4.39 92.30 76.31 21.45 39
n-i-p 15.64 9.02 49.89 76.52 22.00 40
n-i-p 10.28 5.88 48.93 75.96 20.66 41
n-i-p 25.00 11.89 59.00 80.22 22.47 42
p-i-n 12.60 5.37 55.57 63.39 15.01 43
n-i-p 25.00 7.91 85.00 67.50 18.16 44
n-i-p 16.80 6.98 67.20 80.03 22.34 45
n-i-p 10.40 6.61 43.89 75.35 21.02 46
This
p-i-n 12.40 7.09 50.64 78.00 22.59 work
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Table S3. The fitting results of TRPL curves for control, hybrid anti-solvent, 4-MeO-

PEAI and n-HeXAI modified perovskite films.

Samples A, 71 (ns) A, 7, (ns) Tave (NS)
Control 11906 11 1525 116 71.5
Hybrid anti-
10537 13 1291 152 94 .4
solvent
Target 13346 11.75 895 179 96.2

Table S4. The fitting recombination resistance (R.) of the device in the Nyquist plot.

Samples Rree ()

Control 79.92
Hybrid anti-solvent 363.16

Target 626.96

Table SS. Calculated valence band (Eyg), conduction band (Ecg) and Ef.gge from E¢.

ofs Eonset and E, for the control, hybrid anti-solvent, 4-MeO-PEAI and n-HeXAl

modified perovskite films.

Samples Eonset (€V)  Ecorr (€V)  Evg(eV)  Ecg(€V)  Epdge (€V)

Control 0.73 16.93 -5.02 -3.47 -4.29
Hybrid anti-
0.63 16.80 -5.05 -3.50 -4.42
solvent
Target 0.67 16.63 -5.26 -3.71 -4.59
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Table S6. Calculated surface energies of (001), (011) and (012) crystal facets modified
by n-HeXAI ligands

Surface
Crystal plane
Energy (eV)
(001) -9.06E-01 exothermic
(011) -4.09E-01 exothermic
(012) -7.30E-01 exothermic
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Note S1. FF loss analysis

According to the assumption of S-Q limit, the FF loss is mainly determined by the
non-radiative loss and the charge transfer loss. The higher the value of the maximum
FF (FF.x), the lower the non-radiative recombination loss of the PSCs. FF ., can be
calculated by following equation:

Voo~ In(v,. + 0.72)

FFmaX =
v _ VOC
% nKgT/q @)

Where Kpg , T'and g denotes Boltzmann constant, the absolute temperature (300 K) and

elementary charge. n is the ideal factor that is fitted from the V¢ as a logarithmic

function of light intensity, which is shown in Figure 2c.
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Note S2. Nucleation

According to the classical crystal nucleation theory, the total free energy of
nucleus formation (AG) consists of a volume term (AG,, free energy difference between
the nuclei and the solute in solution) and a surface term (AG;, free energy difference
between the nuclei surface and the bulk of the nuclei), as given in the following
equation:

In (S)

4
AG = AG,+ AG,=4nr’c — —mr KT
3 3)

Where r, o, K, T, S and V denote the radius of the nucleus, the surface energy, the
Boltzmann constant, the absolute temperature, the supersaturation ratio and the molar

volume of the nucleus, respectively. Figure S22 exhibits a graph of AG as a function

of r.
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