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The energy levels could be calculated with the following equations 1:!!!

Enomo = 21.22 — (Ecutofr ~ Eonset)

E¢ = Erumo — Enomo

Eg, Enomo, ELumo, Ecutofts Eoneset represent the bandgap, highest occupied molecular orbital, lowest unoccupied

molecular orbital and the ending and starting edges in the UPS spectrum, respectively

The PL decay curve is fitted using the following equation 3:8!
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Where /) is a constant for the baseline offset. 4; and 4, are the decay amplitudes, z; is the rapidly decaying
carrier lifetime reflecting the ability of SnO, to extract electrons, and 7z, is the lifetime of slow complexation

in the PVK film phase.

The average PL decay lifetime (t,,c) can be obtained using the following equation 4:4
T, = T T
CVIA+A, T A +A,




The trap state density can be calculated by Vg, using the following Equation 5:15!

ZeosVTFL

N,=

el

where €0 and ¢ are the vacuum permittivity and relative permittivity of PVK, respectively, e is the elementary

charge, and L is the thickness of the PVK film.
The conductivity can be calculated by Vg, using the following Equation 6:16]
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where k, A and d represent the slope, cell area, and transmission layer thickness (nm), respectively.

The mobility can be calculated by Vg, using the following Equation 7:!!

J *8L3

U= 2
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where J, L, ér, €0 and v represent the current density, layer thickness, relative permittivity of the material,

permittivity of free space and voltage respectively.

The hysteresis index HI calculated by the following Equation 8:!7!

Hysteresis Index = [Power Conversion Efficiency Reverse Scan (PCERS)- Power Conversion Efficiency

Forward Scan (PCEFS)]/ [Power Conversion Efficiency Reverse Scan (PCERS)

Experimental Section

Material :

Except where otherwise stated, the solvents and chemicals covered in this article is metrically available and
do not require further purification. Threonine acid (Thr), formamidine iodide (FAI, 99.5%), methylammonium
iodide (MAI 99.5%), lead iodine (Pbl,, 99.99%), SnO, (12 wt.%) are all provided by Xi’an Polymer Light
Technology. Spiro-OMeTAD (99.8%) was supplied by Shenzhen Feiming Science and Technology Co., Ltd.
Sigma Aldrich provided t-BP (98%), and Li-TFSI (99.5%). Dimethylformamide (DMF, anhydrous, 99.8%),



dimethyl sulfoxide (DMSO, anhydrous, 99.7%), chlorobenzene (CB, anhydrous, 99%) are purchased from
J&K. Isopropanol (IPA, anhydrous, 99.5%) is manufactured by Sinopharm Chemical Reagent Co., Ltd. The

indium tin oxide is bought from Yingkou Opctech New Energy Technology Co., Ltd

Device Fabrication:

Fabrication of small area devices: 1TO substrates were ultrasonically cleaned using detergent, deionized (DI)
water, acetone, and isopropanol, each for 30 minutes. A SnO, ETL was formed by spin-coating a precursor
solution at 2,000 rpm for 30 seconds and annealing at 150 °C for 30min. For devices treated with Thr, a
specific amount of Thr powder was weighed to prepare a 2.5 mg/ml Thr solution. This solution was then
mixed with SnO, at a ratio of Thr solution: SnO,= 3:1 to complete the mixing of Thr into SnO,. Subsequently,
spin-coat the mixed SnO,-Thr solution onto the ITO-coated glass substrate at 2000 rpm for 30 seconds,
followed by annealing at 150°C for 30 minutes. The FA(¢CsoPbl; (1 M) perovskite precursor solution was
prepared by dissolving Csl, FAI, and Pbl, (molar ratio = 0.1:0.9:1.0) into DMF and DMSO mixture solution
(volume rate = 8.5:1.5). For HTL precursor solution, 90 mg Spiro-OMeTAD, 36 pL t-BP and 22 pL
acetonitrile solution of Li-TFSI (520 mg/mL) were dissolved in 1 mL CB. All of the solutions were filtered
through 0.45 um syringe filter before use.

The perovskite precursor solution was spun at 1000 rpm for 10 s, followed by 5000 rpm for 30 s, and
Chlorobenzene was dropped at 20 s after start. After spin-coating, the film annealed at 150 °C for 10 min to
obtain the perovskite film. Then 45 uL Spiro-OMeTAD solution was coated on the film and spun at 5000 rpm
for 30 s. Afterwards, HTL was prepared by mixing 72.3 mg of spiro-OMeTAD, 28.8 pL of t-BP, and 17.5 pL
of Li-TFSI solution (520 mg/mL in acetonitrile) in 1 mL of chlorobenzene, followed by spin-coating at 2,000
rpm for 30 seconds. Finally, 100 nm-thick silver electrodes were deposited via thermal evaporation. The

fabricated cells had effective areas of 0.06 cm?. The J-V tests are conducted in N,.

Preparation of modules:

Rigid PSCs: The 10%10 cm glass/ITO rigid substrates (15 €/sq, Advanced Election Technology Co., Ltd.)
were etched and sequentially washed with detergent, deionized water, ethanol and isopropanol in an ultrasonic
bath for 10 min.

Flexible PSCs: The PEN/ITO flexible substrates (40 Q/sq, Peccell Technologies, Inc.) were etched and

sequentially washed with detergent, deionized water, ethanol and isopropanol in an ultrasonic bath for 10 min.



Then the flexible substrates were then attached onto rigid substrates covered with PDMS for surface flatness
and treated with ultraviolet ozone for 15 min before SnO, deposition.

Fabrication of modules:

The solar module, with an active area of 52.8 cm?, was fabricated on PEN/ITO and glass/ITO. The solar
module comprising 11 subcells was fabricated using P1, P2, and P3 laser scribing lines with a wavelength of
1064 nm. The pre-patterned ITO substrates were pre-scribed with P1 lines (approximately 200 um wide),
followed by cleaning with acetone and isopropanol to remove adhesive residues. The preparation method for
the ITO/SnO, substrate is the same as that for the small-area devices. For perovskite deposition, the precursor
solution was dispensed ahead of the blade and coated at 20 mm/s. The wet film was immediately treated with
flash evaporation for 38 seconds to accelerate solvent removal. The perovskite film was then transferred to a
hotplate and annealed at 100 °C for 15 minutes. The preparation of the hole transport layer (HTL) is the same
as that for the small-area devices. P2 and P3 scribing lines were patterned using a 355 nm picosecond laser
system. The P2 lines (approximately 100 pm wide) were achieved with an average laser power of 12 W and
a pulse repetition frequency of 65 kHz. After electrode deposition, the P3 lines (approximately 80 um wide)
were patterned under an average laser power of 0.78 W and a pulse repetition frequency of 80 kHz. The
spacing between P1, P2, and P3 lines was maintained at approximately 30 um. The active area was determined

to be 52.8 cm? by calculating the difference between the shadow mask area and the dead zone.

DFT calculations: First principles theory calculations are carried out using the Vienna Ab initio Simulation
Package (VASP) within the framework of the generalized gradient approximation functional.¥-1% Projected
augmented wave (PVW) potentials are used to describe the ionic cores and take valence electrons into account
using a plane wave basis set with a kinetic energy cutoff of 400 eV.[!112] K-points are sampled under the
Monkhorst-Pack scheme for the Brillouin-zone integration (K-points were sampled using the Gamma Point).
In all calculations, the forces acting on all atoms are < 0.02 eV/A in fully relaxed structures, and self-
consistency accuracy of 10~ eV is reached for electronic loops. The surface is modeled as a periodic slab
consisting of at least five atomic layers separated by a vacuum of at least 25 A in the direction normal to the

surface.[!3]

The electrostatic potential of the Thr was calculated using the Gaussian 16 program (Revision C.01)!!4 with
the B3LYP functionall'4l. All-electron 6-311+G(d,p) basis sets were applied for C, H, O, and N. Additionally,
the Grimme-D3 scheme was employed to account for Van der Waals interactions. The perovskite system
considered in the DFT calculations is FACsPbl;, which was used as the representative PVK model in this

study.
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Fig. S1 a) The ESP of Thr, where red, blue, white, and gray atoms represent O, N, H, and C elements, respectively. b-c) The
XPS of Ols. d) The FTIR of SnO,, Thr and SnO,-Thr.
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Fig. S2 DFT calculations of the binding energy perform on the binding energies of C;=0 with Sn*" when SnO,-OH bounds
to C;-OH, where the gray, brown, red, light blue and light pink represent the Sn, C, O, N and H atoms.
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Fig. S3 a) The electron mobility of SnO, and SnO,-Thr. b-¢) The AFM of SnO, with and without Thr mixing. d) The XPS of
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Fig. S4 a-b) The bandgap of SnO, and SnO,-Thr.
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Fig. S6 a-b) The SEM of PVK films. c) The PL of Glass/PVK and Glass/PVK/Thr. (d)The NMR of Thr and Thr+Pbl.
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Fig. S9 a) The EIS of device with and without modification. b) The dark current of SnO,/PVK and SnO,-Thr/PVK. c) The

TPC of devices with and without modification.
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Fig. S10 a) The binding energy between Pb and the C,—N(NH,). (b) The binding energy between Pb and the C,—N(NH,)

when C,=0 group is coordinated to Sn. Where the gray, brown, red, light blue, light pink, purple, black and green represent
the Sn, C, O, N, H, I, Pb, Cs atoms.

Table S1. The cost of modifier

Device structure Modifier Price (US § )
FTO/SHA-SnO,/PVK/ Spiro-OMeTAD /Au '3 Sodium Hyaluronate (SHA) 46.32/g
Potassium Sucrose Octasulfate 459/g
FTO/ Sn0,/KsSOS/PVK/Spiro-OMeTAD/Au [1]
(K¢SOS)
Aminomethyl Phosphonic Acid 25.27/g
FTO/ SnO,/AMPA/PVK/Spiro-OMeTAD/Ag 1]
(AMPA)
DL-2,3-diaminopropionic acid 5.88/g

FTO/ SnO,/DLAM/PVK/Spiro-OMeTAD/Au [18]
monohydrochloride (DLAM)



https://context.reverso.net/%E7%BF%BB%E8%AF%91/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/modifier

ITO/ SnO,/PAA/PPA/PVK/Spiro-OMeTAD/Ag!'®1  3.4,5-trimethoxyphenylacetic acid 1.89/g
FTO/ SnO,/PGA/PVK/Spiro-OMeTAD/Au [29] Polyglutamic Acida 5.05/g
ITO/ SnO,-CIT/ PVK/Spiro-OMeTAD/Au?! L-Citrulline 0.84/g
glutamic acid (Glu) 0.39/g
ITO/SnO,-Glu/PVK/ Spiro-OMeTAD/Ag
This work
Table S2. TRPL data of control and target devices.
o s T, s T o ¥
Control 30.56 189.50 142.99
ITO/SnO,/PVK
Target 36.17 105.97 80.82
Table S3. EIS data of control and target devices.
Control (Q2) Target ()
Ry 40.02 39.33
R ¢ ¢ 4769 13136
Table S4. Current PCE of larger area modules in rigid perovskite solar cells
Module area (cm?) Active area (cm?) PCE (%) Year
5cm * 5 cm [22] 10 21.02 2025
5cm *5 ¢m 23] 10 20.98 2023
5cm * 5 cm [24] 21 20.32 2025
15 cm *15 cm 23] 18.48 18.54 2025
10 cm *10 cm 52.8 18.26 This work
10 cm*10 cm [2¢] / 18.42 2025
/27 25 18.00 2024
5 cm *5 ¢m [28] / 16.5 2024
10 cm *10 cm [ 94.6 11.25 2024
10 cm *10 cm B9 11.08 2025
2 cm*2 cm [31] 2 10.30 2024

Table S5. Current PCE of larger area modules in flexible (n-i-p) perovskite solar cells

Structure

Active area

Year




(em?) (%)

PET/ITO/P-SnO,/PVK/ Spiro-OMeTAD/Au B3] 600 16.28 2025
PET/ITO/SnO,/PVK/Spiro-OMeTAD/Au 33 36.50 18.71 2023
PET/ITO/SnO, /PVK/PEAI/Spiro-OMeTAD/Au 34 117 17.52 2024
PET/ITO/SnO,/PVK/Spiro-OMeTAD/Ag 52.8 15.17 This work
PET/TCE/SnO,/PVK/PTAA/Ag 3] 94 14 2023
PET/ITO/SnO,/PVK/Spiro-OMeTAD/Au [3¢] 16.8 12 2021
21.84 11.7
PET/IMI/SnO,/FAPA/PVK/Spiro-OMeTAD/C [37] 20.25 11.6 2024
PET/TCE/SnO,/PVK/HTAB/P3HT/C/Ag 138 49.5 11 2024
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