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Experimental Section

Materials: 

Methylamine hydrochloride (MACl), formamidinium iodide (FAI), FK209, poly[bis (4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and [6,6]-Phenyl-C61-butyric acid methyl ester 

(PC61BM) were purchased from Xi’an Yuri Solar Co., Ltd. Lead iodide (PbI2) and 4-Isopropyl-

4'-methyldiphenyliodonium Tetrakis(pentafluorophenyl)borate (TPFB) was purchased from 

TCI Chemicals Co., Ltd. Tin (II) chloride dihydrate (SnCl2·2H2O, >99.995%), lithium 

bis(trifluoromethylsulphonyl)imide (Li-TFSI), 1-cyclohexyl-2-pyrrolidone (CHP, 99%), 4-tert-

butylpyridine (tBP), 2-methoxyethanol (2-ME), thioglycolic acid (TGA, 98%), chlorobenzene 

(CBZ, 99.8%) and acetonitrile (ACN, 99.8%) were purchased from Sigma Aldrich Trading Co., 

Ltd. 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) 

was purchased from Shenzhen Feiming Science and Technology Co., Ltd. Urea was purchased 

from Shanghai Aladdin Biochemical Technology Co., Ltd. Colchicine (Ch) was purchased 

from Beijing Innochem Science and Technology Co., Ltd. All materials were used as receives 

without any further purification.

Preparation of perovskite precursor and HTL solution: 

The mixed perovskite precursor solution was prepared by dissolving 189.17mg FAI, 

567.04mg PbI2, 33.76mg MACl and 66µL CHP in 1mL 2-ME. The perovskite with Ch was 

obtained by adding different molar ratios of Ch to achieve 0.01mol%, 0.05mol%, 0.1mol%, 

0.5mol%, and 1mol% doped perovskite precursor. The solution was continuously stirred for 30 

min before use. The Spiro-OMeTAD solution was prepared by dissolving 73 mg Spiro-

OMeTAD into 1 mL chlorobenzene, followed by the addition of 18 µL Li-TFSI (pre-dissolved 

as a 520 mg mL-1 stock solution in acetonitrile) and 29 µL FK209 (pre-dissolved as a 300 mg 

mL-1 stock solution in acetonitrile) and 30 µL 4-tert-butylpyridine. The solution was 

continuously stirred for 15 min before use. The PTAA solution was prepared by dissolving 30 

mg PTAA in 1 mL CBZ (the weight ratio of PTAA/TPFB was 10:1)1. 

Device fabrication: 

The FTO substrate was etched by a nanosecond laser machine. Subsequently, the substrate 



was cleaned with detergent, followed by ultrasonic cleaning with pure water and 95% ethanol 

solution for 20 minutes each. Finally, dry the cleaned FTO glass with dry-air gas flow. The 

compact SnO2 ETL was deposited by chemical bath deposition (CBD), which was reported in 

the previous work2. Before device fabrication, all the substrates were treated by UV illumination 

for 15 min. The perovskite films were deposited onto SnO2 ETL in an N2 glovebox with 25 µL 

mixed perovskite solution spin-coating at 5000 rpm for 30 s (an accelerated speed of 1000 rpm), 

followed by an annealing process at 150 °C and 100℃ for 15 min each. After cooling down, 

30 µL of Spiro-OMeTAD solution was deposited onto the perovskite layer at 4000 rpm for 20 

s with an accelerated speed of 2000 rpm. For the device thermal stability and light stability test, 

PTAA doped with TPFB was used to replace Spiro-OMeTAD as the hole-transport layer. The 

PTAA solution was deposited on top of the perovskite layer at a spin rate of 2000 rpm for 30 s1. 

Finally, the Au electrode (80 nm) was deposited by thermal evaporation. For module 

fabrication, the 5 cm × 5 cm FTO substrate was etched by the nanosecond laser machine to 

form P1 lines. After the deposition of the Spiro-OMeTAD layer, the module was etched by 

laser to form P2 lines. Then, the Au electrode was etched by laser to form P3 lines. The final 

active area of the mini-module is 10.0 cm2.

Characterizations:
The 1H and 13C-NMR spectra were conducted in DMSO-d6 using a Bruker Avance Neo 

(400MHz) spectrometer. Fourier transform infrared spectroscopy (FTIR) was measured by the 

Thermo Scientific Nicolet 6700, with a wavelength range of 4000-400 cm-1. The UV−vis 

absorption spectra were measured with an ultraviolet spectrometer (Shimadzu UV-1900i), 

using DMF as the solvent test solution. The samples of perovskite films without and with 

additives were investigated by an X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 

Thermo Scientific K-Alpha). The in-situ X-ray diffraction (XRD) patterns were obtained by the 

D8 Advance in the atmosphere. The spin-coated precursor films were placed on a temperature-

controlled stage set to 150°C. The homemade in-situ UV-vis tests were carried out using a 

QE65 Pro UV−vis spectrometer (Ocean Optics). The illustrated setting is shown in Fig. S17. 

The sample is spun on a glass with an evaporated Ag substrate. Light from a tungsten light 

source passes through an optical fiber and a convex lens before illuminating the sample. Light 

passing through the sample is reflected by the silver on the back of the glass to a convex lens 



and finally into the signal collector. Grazing-incidence wide-angle x-ray scattering (GIWAXS) 

was performed with an incident angle of 0.1° using an Xeuss 3.0 system equipped with an 

Eiger2R 1M detector. The data of GIWAXS measurements were analyzed by Fit-2D software. 

The surface morphologies and the cross-sectional SEM images of all samples were attained 

using field-emission scanning electron microscopy (Hitachi S-4800). The contact angle of all 

perovskite films using a contact angle tester (Theta Lite, Biolin Scientific). The surface 

roughness of perovskite films was measured by an atomic force microscope (AFM, Cypher S, 

Oxford Instruments Asylum Research). Kelvin probe force microscopy (KPFM) was measured 

by the Cypher S, Oxford Instruments Asylum Research. The ultraviolet photoelectron 

spectrometer (UPS, Thermo ESCALAB XI+) was tested to estimate the work function and 

valence band of perovskite films. The steady-state PL and time-resolved PL decay spectrum 

were measured by a 485 nm picosecond pulsed diode laser (HORIBA Scientific Company, 

Japan; Nano LED-C2 N-485L). The J-V curves of the perovskite solar cells were measured 

using a solar simulator (Oriel 94023A, 300 W) and a Keithley 2400 source meter under AM 

1.5G illumination intensity with the power density of 100 mW cm-2 calibrated by a standard Si 

solar cell (Oriel VLSI standards). The devices were tested using a metal mask of 0.1475 cm2 or 

1 cm2 with a scan rate of 10 mV s-1. The Electrical impedance spectroscopy (EIS), Mott-

Schottky curves, dark J-V curves, and SCLC were performed by using the electrochemical 

workstation EC-lab (SP300) in the dark. The External quantum efficiency (EQE) was 

characterized by a solar cell spectral response measurement system (EnliTechnology Co., Ltd., 

QE-R). The long-term MPP tracking was carried out on a Multi-Channels Solar Cells Stability 

Test System from Wuhan 91PVKSolar Technology Co. Ltd, China. 

Theoretical calculation: 
In this paper, the geometry optimization and Mulliken charge distribution were performed 

using the density functional theory (DFT) calculation3. The hybrid B3LYP-D3 exchange-

correlation functional was used to investigate geometrical transformations and interactions in 

the Ch and precursor perovskite systems. The interaction energy was calculated using the 

equation: Eint = Eab- Ea - Eb + EBSSE, where Eab, Ea, and Eb are thermo-corrected energies of the 

adduct and two components, EBSSE the basis set superposition error correction term. The C, H, 

O, and N in Ch and precursor perovskite molecules were calculated with the jul-cc-pvtz basis 

set, while Pb and I were treated by lanl08(d) and visualized by VMD4.



Fig. S1 Visualization of weak interactions between Ch and PbI2/FAI.

Fig. S2 A comparison of 1H NMR spectra of Ch and Ch+PbI2.



Fig. S3 The full XPS spectra of perovskite films without and with Ch additive.

Fig. S4 Dynamical evolution of absorption intensity at 750 nm for perovskite films without and 

with Ch additive during thermal annealing. 



Fig. S5 In-situ UV-vis absorption spectra during the initial annealing process: a) Control and 

b) CC-Ch.

Fig. S6 The surface morphologies SEM images of perovskite films with different 

concentrations of Ch additives.



Fig. S7 The AFM topography images of perovskite films without and with Ch additive, the 

graph size is 20 × 20 μm.

Fig. S8 The contact angle measurements of perovskite films with different concentrations of 

Ch additives.



Fig. S9 1D GIWAXS patterns of perovskite films without and with Ch additive.

Fig. S10 (a) UV-vis absorption spectra of the Control and CC-Ch perovskite films. (b) Tauc-

plot of the Control and CC-Ch perovskite films.



Fi
g. S11 UPS spectra: EF-edge of (a) Control and (c) CC-Ch perovskite films. Ecut-off of (b) Control 
and (d) CC-Ch perovskite films.

Fig. S12 (a) XRD spectra of perovskite films with different concentrations of Ch additives. (b) 
XRD spectra in the (100) plane position from (a).



Fig. S13 Current density–voltage curves for champion devices incorporating different 
concentrations of Ch additives.



Fig. S14 Photovoltaic parameters statistics of a) VOC, b) JSC, c) FF, and d) PCE based on 10 

devices with different concentrations of Ch additives. 



Fig. S15 J-V curves of the large area (aperture area: 1 cm2) PSCs with and without Ch additive. 

The insert figure is a photograph of the large area of PSCs.



Fig. S16 J-V curves of the perovskite solar mini-modules (aperture area: 10 cm2) with and 

without Ch additive. The insert figure is a photograph of the perovskite solar mini-modules.

Fig. S17 Schematic picture of the in-situ UV-vis absorption measurement consisting of the light 

source, convex lens, hot plate, and signal collector.



Table S1 Calculated parameters of the band structure for perovskite films without and with Ch 

additive.

Sample Ecut-off

(eV)
WF

(eV)
EF-edge

(eV)
EVB

(eV)
Eg

(eV)
ECB

(eV)

Control 17.07 -4.15 1.44 -5.59 1.54 -4.05

With Ch 17.21 -4.01 1.39 -5.40 1.54 -3.86

Table S2 The position and FWHM of XRD in the (100) plane of the Control and With Ch 

perovskite films.

Sample Position (degree) FWHM (degree)

Control 14.04 0.102

With Ch 13.98 0.091

Table S3 Fitting parameters of the TRPL spectra for perovskite films without and with Ch 

additive.

Sample τave (ns) τ1 (ns) τ2 (ns) A1 A2

Control 605.08 190.82 704.85 0.532 0.598

With Ch 1982.40 743.39 2141.51 0.246 0.665



Table S4 Calculated parameters and trap density (nt) of perovskite films without and with Ch 

additive.

Sample L (nm) VTFL (V) nt (cm-3)

Control 600 0.15 2.162×1015

With Ch 600 0.11 1.585×1015

Table S5 EIS fitting parameters for perovskite films without and with Ch additive.

Sample Rs(Ohm) Rct(Ohm) Cct(F)

Control 12.52 5714 1.764×10-8

With Ch 10.16 2678 2.086×10-11

Table S6 Performance comparison of devices dominated by FAPbI3 perovskite components. 

Perovskite system Solvent Methods Device 
area PCE Years

FAPbI3 DMF+NMP Antisolvent-
free

0.121 
cm2 19.4% 20215

FAPbI3 2-ME+NMP Antisolvent-
free 20.1% 20226

FAPbI3 EtOH+DMA Antisolvent-
free

0.094 
cm2 25.1% 20227

FAPbI3 DMF Antisolvent-
free

0.05 
cm2 23.91% 20228

Cs0.1FA0.9PbI3 DMF+NMP Antisolvent-
free

0.09 
cm2 23.27% 20229

FAPbI3 DMF Antisolvent-
free

0.05 
cm2 23.15% 202310

FAPbI3 2-ME Antisolvent-
free 23.6% 202411

FAPbI3
ACN+DMF+D

MSO
Blade 

coating
0.062 
cm2 24.32% 202312



Perovskite system Solvent Methods Device 
area PCE Years

FAPbI3 2-ME Bar coating 0.094 
cm2 24.53% 202313

FAPbI3

2-
ME+ACN+N

MP

Slot-die 
coating

0.096 
cm2 22.54% 202314

Cs0.05FA0.95PbI2.5Br0.05
DMF+DMSO+

2MeTHF
Blade 

coating
0.09 
cm2 24.00% 202315

FAPbI3 DMF+DMSO Antisolvent 25.2% 202316

FAPbI3 DMF+DMSO Antisolvent 0.073 
cm2 25.41% 202317

FAPbI3 DMF+DMSO Antisolvent 0.064 
cm2 24.76% 202318

FAPbI3 DMF+DMSO Antisolvent 0.0755 
cm2 25.4% 202319

FAPbI3 DMF+DMSO Antisolvent 0.0804 
cm2 24.02% 201920

FAPbI3 DMF+DMSO Antisolvent 0.08 
cm2 25.7% 202221

FAPbI3 DMF+DMSO Antisolvent 0.13 
cm2 22.7% 202022

FAPbI3 DMF+DMSO Antisolvent 0.1 cm2 23.21% 202223

FAPbI3 DMF+DMSO Antisolvent 0.096 
cm2

26.08%
(certified
25.73%)

202324

FAPbI3 DMF+DMSO Antisolvent 0.095 
cm2 24.9% 202225

FAPbI3 DMF+DMSO Antisolvent 0.08 
cm2 25.35% 202426

FAPbI3 DMF+DMSO Antisolvent 0.0805 
cm2

25.6%
(certified
25.2%)

202127

FA0.98Cs0.02PbI3
DMF+NMP+D

BSO Antisolvent 0.0897 
cm2 25.1% 202328

(FAPbI3)0.95(MAPbBr3)0.05 DMF+DMSO Antisolvent 22.39% 202129

FAPbI3 DMF+NMP Antisolvent 21.6% 202130

FAPbI3 2-ME Antisolvent
-free

0.1475 
cm2 25.06% Our 

work
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