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Experimental Part

Materials and precursor fabrications

The halide salts for perovskite fabrications were ordered from Xi’an Yuri Solar,
including FAI, MAI, MACI, Pbl,, 5-AVAI, PbBr; and PbCl,. The KSCN, Snl,, EDA
as well as the solvents (DMF, DMSO, IPA, DI water, anhydrous ethanol Et-OH,
Anisole and Chlorobenzene CB) were bought from Sigma. The PEDOT:PSS (Al
4083) was purchased from Heraeus Clevios (Germany). The Me-4PACz, BCP and
PDALI, were provided by TCI. The Ce powders, SnF,, PCBM and NiOx nanoparticles
were obtained from Advanced Election Technology. The metal sources of Ag and Au
were provided by the ZhongNuo Advanced Material (Beijing)Technology Co., Ltd.

The raw materials were directly used without further purification.

The precursors with the chemical compound of FAsCs,,Pbl;sBr,, were prepared by
dissolving CsI:FAI:PbL,:PbBr,=0.2:0.8:0.4:0.6 in 1 mL mixture DMF/DMSO (volume
ratio of 4:1) solvent with the molar concentration of 1.2 M without heating. 5%
MAPDBCI; (4.05 mg MACI+16.65 mg PbCl;) and 2 mg KSCN as additives were
introduced into the precursor for superior crystallization. The 5-AVAI was directly
incorporated into the precursor with a concentration of 1.5 mg/mL. The precursor
should be filtered with 0.22 pm PTFE membrane before use. The precursors of low-
bandgap perovskite were prepared as same as previous report with the chemical
formula of CsosMAg25FA7PbosSnosl; with the molar concentration of 1.8 M in the
DMF/DMSO (3:1) solvent."! 5 mg Pb powders were used to reduce the Sn*" amounts.
NiOx NPs were dispersed in the DI water with a concentration of 10 mg/mL. PDAI,
was dissolved in IPA (1 mg/mL) as surface passivation for WBG perovskite. Me-
4PACZ solutions were prepared with 0.5 mg/mL in Et-OH. PEDOT: PSS for tandem
devices was diluted by 3 times with IPA. EDA acting as the surface passivation for

LBG perovskite was 0.05 mg/mL in CB.

Solar cell fabrications



The ITO substrates were ultrasonically cleaned in the order of detergent, water,
acetone and IPA for 20 min for each step. The dried ITO substrates were exposed to
UV ozone for 20 min for further cleaning and good wettability. NiOx NPs were spin-
coated on ITO at 4000 rpm (acceleration rate of 2000) for 30 s at ambient conditions.
Then, the Me-4PACz was coated on the NiOx at 3500 rpm for 30 s, following 100 °C
annealing for 10 min. After cooling down, the perovskite films were coated with the
procedure of 1000 rpm for 5 s and 3500 rpm for 28 s, and anti-solvent treatment with
100 pL anisole was used at 10 s before the end. The wet perovskite films were put on
105 °C hotplate to anneal for 15 min. After that, surface passivation with PDAI,
(dynamically coated) was performed at 4500 rpm for 30 s with further annealing at
100 °C for 5 min. The substrates were transferred into a vacuum chamber to evaporate
30 nm Cg (deposition rate around 0.15 A/s), and then put into ALD chamber to
deposit 25 nm ALD-SnO.. 120 nm silver (Ag) was evaporated on the ALD SnO, with
a speed of around 0.3 A/s under the mask with an aperture area of 0.073 (defined by
the overlapping zoon of ITO and Ag). For All-perovskite tandem devices fabrications,
the processes were same as the WBG perovskite fabrications to ALD deposition. 1 nm
Au were thermally evaporated on ALD-SnO,. The diluted PEDOT:PSS solution were
coated on the substrates at 3500 rpm for 30 s and transferred into glovebox after
annealing at 120 °C for 10 min. The LBG perovskite films were coated with 2-step
procedure: 1000 rpm for 10 s and 3500 rpm for 40 s. 400 pL CB as antisolvent was
applied at the 20" s of the second step, following 100 °C annealing for 10 min to
complete the crystallization and phase transition. The EDA surface treatment was
taken on the cold perovskite at 4000 rpm for 30 s, and annealed at 100 °C for 8 min.
Then, the substrates were moved into evaporation chamber to deposit 25 nm Cg, 6 nm

BCP and 130 nm Ag.

Characterizations
The J-V curves of WBG and tandem PSCs were collected on the solar simulator with
AM 1.5 100 mW/cm? illumination with data recording by the Keithley 2400 source

meter. The sweep voltage range was from -0.2 to 1.5 V in a step of 0.15 V/s with a



dwell time of 40 ms, and the range for tandem devices was -0.2-2.25 V. The EQE
spectra of the solar cells were measured with the model IVQE8-C system. The spectra
of the AM1.5 simulator and EQE light source were calibrated by the standard Si cell
certified by Newport. For tandems, the lamps of 530 nm and 950 nm were used to
measure the EQE responses of bottom and top cells, respectively. The TPC and TPV
measurements of the WBG PSCs were conducted on the electrochemical workstation
(Solartorn 1260A impedance analyser). The light intensity dependence of the devices
was taken on the simulator and the light intensity was calculated based on the
performance of the standard Si cell. The top-view and cross-section SEM images of
films and devices were captured on the Zeiss GeminiSEM450 at the operational
voltage of 4 kV. The AFM and KPFM images of the samples were collected on
Dimension 3100, where the mode for KPFM measurements was set as voltage equal
to work function (WF) perovskite surface reducing WF of the tip. The XPS spectra of
both SAMs and perovskite films were obtained from the Kratos AXIS ULTRA. TOF-
SIMS of the perovskite films were conducted on the TOF-SIMS 5 IONTOF with the
Cs source in 1 KV voltage. The PL and TRPL measurements were performed on the
Fluorolog-Horiba system and Delta Flex Fluorescence Lifetime System. The
H'NMR((CD3),SO, 400 MHz AVANCE III) and FTIR (neaSNOM-nanoFTIR||1)
measurements were conducted to identify the interaction between 5-AVAI and
perovskite. The hyperspectral PL. mappings were recorded by the inVia Reflex
(Renishaw, UK) under 1 sun 532-nm laser-illuminated, and the PL peaks of different
ageing times were the highest PL. emission ones. The UV-vis absorption of the films
and solutions was taken on the PerkinElmer Lambda 1050. The I, emission was
quantified by putting the perovskite (infused in the CB) on 85 °C hotplate under 1 sun
illumination. The EL of the devices was collected at the Enlitech REPS-Pro system
with the Voltage scanning from 1.4 to 1.8 V, and the EL signals were recorded by a Si-

Ge alloying sensor in a dark box without integral sphere.

DFT simulations

All first-principles calculations in this work were performed with Density-functional



theory (DFT) as implemented in the Vienna Ab initio Simulation Package (VASP)
code.”*  The  generalized gradient approximation (GGA) of the
Perdew—Burke—Ernzerhof (PBE) functional was used to treat the exchange-
correlation potential.®™® A plane-wave energy cutoff of 550 eV and a I'-centered 3 x 3
x 1 k-point mesh was used for geometry optimizations. All atomic coordinates were
relaxed until the total energy converges below 10 eV and 0.02 eV/A for force were
reached. A 20 A vacuum layer was added along the z direction to eliminate

interactions between adjacent slabs.

To quantitatively evaluate the stability of the adsorption system, the adsorption
energies (E.s) are defined as, Eiis = Emosub — Emol — Esw, Where Enqsp is the total
energies of the adsorbed system, E, is the energy of isolated molecules (5-AVAI and

Me-4PACZ), and E; is the total energies of clean NiOx substrate.

Stability evaluations: The MPPT of both single-junction and tandem devices were
taken under simulated 1-sun illumination at ambient conditions. The device surface
temperature was around 35 °C. All devices were encapsulated by UV epoxy (UV

Adhesive LT-U001, UV curing for 3 min) in the glovebox before use.
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Fig. S1. Theoretical calculations on the molecular size of 5-AVAI and Me-4PACz.
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Fig. S2. Geographic diagrams of the DFT results for molecule bonding on NiOx
surface.
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Fig. S3. ToF-SIMS result on the Ref film.
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Fig. S4. C 1s XPS spectra of the Ref perovskite film after DMF washed.
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Fig. S5. Raw KPFM images of the Ref and Target WBG perovskite films after DMF

washed.
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Fig. S6. H'MNR of the FAI (red), 5-AVAI (green) and FAI@5-AVAI (purple). After
mixing these two powers in d6MSO, the obvious chemical shift can be detected (as
the insets), corresponding to the strong hydrogen bindings. Compared to the shifts of
the —COOH and —NHz™* signals in 5-AVAI, the -COOH group exhibits a more
pronounced change, suggesting that hydrogen bonding with FA is primarily mediated

by the -COOH group.
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Fig. S7. FTIR spectra of pure 5-AVAI and 5-AVAI+Pbl,. The -C=0 signal is shifted
from 1709 to 1712 cm™ after mixing with Pbl,, indicating to the formation of
coordination bindings.
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Fig. S8. UV-vis absorption and the fitting results of the Ref and target WBG
perovskite films.
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Fig. S9. PL (a) and TRPL curves of the Ref and Target WBG perovskite films.
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Fig. S10. SCLC curves and the corresponding trap density for the Ref and target films.
A hole-only configuration of ITO/NiO/Me-4PACz/PVK/PTAA/Au was used for
SCLC evaluation.
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Fig. S11. PLQY values of the Ref and target films. The signals were collected from
PVK/glass (bulk), PVK/HTL (from glass side) and PVK/ETL (from film side).
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Fig. S12. C 1s, Br 3d and I 3d XPS spectra of the Ref and Target WBG perovskite
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Fig. S13. UV-vis absorption spectra of the Ref (a) and Target (b) films soaking in the
toluene under 0.9-sun white LED illumination at 85 °C hotplate for different aging

time.
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Fig. S14. Light soaking ages of the Ref and Target films for different time. The inset
bar is 20 pm.
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Fig. S15. J-V curve of the Target device with the highest V¢ of 1.376 V.
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Fig. S16. Photovoltaic parameters statistics of Voc (a), Jsc (b), FF (c) and PCE (d) of
the Ref and Target WBG PSCs.
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Fig. S17. TPV curves of the Ref and Target WBG PSCs.
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Fig. S18.Voc-light intensity dependence (a) and FF loss analysis (b) of the Ref and
Target devices.
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Fig. S19. EL curves of the WBG PSCs under bias of 1.7 V and the inset is the EL
image. The fitted Voc change is around 60 mV, lower than the measured AVoc (87
mV). There is no integrated sphere during EL. measurement, which leads to a higher
error (loss) with higher EL efficiency.



Fig. S20. Cross-section SEM image of the APTSCs.
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Fig. S21. J-V curves of the LBG perovskite subcell used in APTSCs.
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Fig. S22. Photovoltaic parameters statistics of JSC (a) FF (b) of the Ref and Target
APTSCs.



Table S1. Reported high-efficiency WBG PSCs for APTSCs and the detailed parameters.

Eg/eV | Voo/V | PCE/% | Voc deficit/V PCE for tandems/% Ref
1.76 1.22 17.3 0.54 26.4 Tan®
1.78 1.23 16 0.55 24.4 Huang®
1.77 1.34 20.37 0.43 27.04 Ning’
1.79 1.33 20.3 0.46 27 Sargent®
1.77 1.23 18.5 0.54 25.6 Tan’
1.78 1.32 19.6 0.46 28.1 Tan'
1.81 1.35 19.58 0.46 25.22 Jen"
1.75 1.33 20.1 0.42 27.1 Jiang"
1.77 1.31 19.3 0.46 27.22 Zhao"
1.77 1.31 18.46 0.46 27 Zhao"
1.77 1.35 20.5 0.42 28.5 Tan®
1.77 1.30 19.53 0.47 28.8 Chen'®

1.8 1.32 18.92 0.48 25.8 Li"
1.88 1.36 18.3 0.52 26.4 Li'®
1.79 1.376 20.23 0.414 28.9 Our




Table S2. Photovoltaic parameters of the Ref and Target WBG PSCs and APTSCs.

Scan Voc Jsc FF PCE
dil‘ection (V) (mA Cm—Z) (%) (%)
Forward 1.28 17.77 74.97 17.05
Ref WBG
Reverse 1.285 17.54 77.66 17.50
Average 1.268+0.021 | 17.56+0.18 | 75.55+1.66 16.82+0.43
Forward 1.37 17.93 81.37 19.99
Target
WBG
Reverse 1.372 17.92 82.27 20.23
Average 1.359+0.010 | 17.76+0.13 | 80.92+1.65 19.54+0.42
Forward 2.113 15.50 81.2 26.59
Ref
APTSCs
Reverse 2.128 15.53 82.3 27.20
Average 2.080+0.030 | 15.36+0.15 81.4+0.5 26.00+0.48
Forward 2.182 15.72 83.0 28.47
Target
APTSCs
Reverse 2.183 15.74 84.1 28.90
Average 2.158+0.021 | 15.60+0.12 83.6+0.4 28.15+0.46
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