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Experimental Section

Computational method

DFT simulations of the molecules were conducted using the ORCA 5.0.3 package'.
Geometry optimizations were performed at the M06-2X*/Def2-TZVP** level of theory
with D3zero® dispersion correction. The one-electron energies were obtained at the
B3PW91% 7/Def2-TZVPP level of theory. DFT simulations of the periodic structures
were conducted by CP2K?® (version 2025.1). Geometry optimization was performed
using the PBE’ functional with DFT-D3? dispersion correction. The Brillouin zone was
sampled at the gamma point, and the plane wave cutoff energy was 500 Ry. The
Multiwfn!® and VMD!! codes were used for the ESP, integral overlap analysis, and

visualization.

Materials

Dimethylformamide (DMF, anhydrous 99.8%), dimethyl sulfoxide (DMSO, anhydrous
99.7%), isopropyl alcohol (IPA, anhydrous 99.5%), ethyl acetate (EA, anhydrous
99.5%), rubidium iodide (RbI, 99.9%), and SnF2 (99%) were purchased from J&K
Scientific. Lead bromide (PbBr»), lead iodide (Pbl>), [4-(3,6-Dimethyl-9H-carbazol-9-
yl)butyl]phosphonic acid (Me-4PACz), [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]
phosphonic acid (MeO-2PACz), [4-(7H-Dibenzo|[c,g]carbazol-7-yl)butyl]|phosphonic
acid (4PADCB), ammonium thiocyanate (NH4SCN), p-phenylenediamine (PPD, >98%)
and (4-Fluorophenyl)thiourea (FPT, >97%) were purchased from TCI Shanghai.
Cesium iodide (Csl), propane-1,3-diammonium iodide (PDAL), ethylenediamine
diiodide (EDAL), and Cep were purchased from Xi'an Yuri Solar. Formamidinium

iodide (FAI) and Snl; (99.99%) were obtained from Advanced Election Technology.



Bathocuproine (BCP) was obtained from Wako Chemical. PEDOT: PSS (Clevious P
VP Al 4083) was obtained from Heraeus. Toluene was obtained from Sinopharm.
Tetrakis(dimethylamino)tin(IV) (TDMASn, 99.9999%) was obtained from Suzhou

Yuanzhan. All materials were used as received.

Perovskite precursors

Wide-bandgap perovskite Cso2FAo.sPb(1o.61Br0.37)3: The 1.2 M precursor was prepared
by mixing CsI (0.24 mmol), FAI (0.96 mmol), PbBr; (0.67 mmol), Pbl, (0.53 mmol),
and Pb(SCN), (2 mg) in 800 pL of DMF and 200 pL. of DMSO. The precursors were
dissolved at 50 °C for 2-3 h and filtered through a 0.22-um PTFE filter before use.
Narrow-bandgap perovskite Rbo.04Cso.2FA0.76Pbo.sSnosl3: The 2M precursor was
prepared by mixing RbI (0.08 mmol), CsI (0.4 mmol), FAI (1.52 mmol), Pbl> (1 mmol),
Snl> (1 mmol), SnF> (0.11 mmol), NH4SCN (0.045 mmol), PEACI (0.008 mmol) and
PPD (0.07 mmol) into 700 uL of DMF and 300 uL of DMSO. The precursors were

dissolved at room temperature and filtered through a 0.22-um PTFE filter before use.

Fabrication of Single-junction WBG PSCs

Patterned FTO substrates (AGC, 2.2 mm, 6-8 Q/0) were sequentially cleaned using
detergent, deionized water, acetone, and IPA under ultrasonication for 15 mins. After
being dried by nitrogen flow, the substrates were treated with ultraviolet ozone for 15
min. NiO layer was deposited on the FTO substrate by spray pyrolysis. Nickel
acetylacetonate (2 mmol) was dissolved in acetonitrile (38 ml) and ethanol (2 ml). The
solution was sprayed by an air nozzle using clean dry air as carrier gas onto the FTO
substrates, which were previously heated to 400 °C on a hot plate. The substrates were

kept at 400 °C for 20 min and then cooled down to room temperature before moving



into glovebox. Me-4PACz (0.5 mg/ml in IPA) was spin-coated at 3000 rpm for 25 s,
followed by annealing at 100 °C for 10 min. After cooling down, FPT (0.5 mg/ml in
IPA) was spin-coated at 3000 rpm for 25 s, followed by annealing at 100 °C for 5 min.
The perovskite precursor was spin-coated with a two-step procedure. The first step was
at 2000 rpm for 10 s with an acceleration of 200 rpm s™'; the second step was at 4000
rpm for 40 s with an acceleration of 1000 rpm s!. Ethyl acetate (300 uL) was dropped
20 s before the end of the spin, followed by annealing at 100 °C for 15 min. After
cooling, PDAI, (I mg/mL in IPA) was dropped onto the perovskite films and spin-
coated at 4000 rpm for 25 s, followed by annealing at 100 °C for 5 min. Then, 20 nm
Ceo was deposited at the rate of 0.2 A/s in a vacuum chamber (< 3x10°* Pa). Then the
samples were transferred to the atomic layer deposition system (T-ALD, KE-MICRO).
A SnO; layer (~15 nm) was deposited at 85 °C by 130 cycles of the following: 0.35 s
TDMASN pulse, 8 s purge, 0.1 s deionized water pulse, and 8 s purge. Finally, Cu (100

nm) was thermally evaporated in a vacuum chamber (< 3x10 Pa).

Fabrication of all-perovskite tandem solar cells

The WBG sub-cells were fabricated following the procedure described above. After
ALD-SnO; deposition, an IZO recombination layer (~120 nm) was deposited at room
temperature by radio-frequency magnetron sputtering (70 W) using a 4-inch 1ZO target
in pure argon (0.3 Pa). PEDOT: PSS diluted with IPA (1:2 volume ratio) was spin-
coated onto the as-prepared [ZO layer at 4000 rpm for 30 s, followed by annealing at
120 °C for 10 min in air, and then moved into a N»-filled glovebox. The Sn-Pb
perovskite films were deposited with a two-step spin-coating procedure: 1000 rpm for
10 s with an acceleration of 200 rpm s™'; and 4000 rpm for 40 s with an acceleration of

1000 rpm s!. Ethyl acetate (400 pL) was dropped on the substrate at 20 s before the end



of the procedure. Then 0.5 mg/ml EDAL solution in mixed IPA/toluene (2:1 volume
ratio) was applied onto the cooled perovskite films and spin-coated at 4000 rpm for 25 s,
followed by annealing at 100 °C for 5 min. Then the substrates were transferred to the
evaporation system, and Ceo (15 nm), BCP (8 nm), and Cu (100 nm) were deposited

sequentially in a vacuum chamber (<3 x 107*Pa).

Film Characterizations

GIWAXS measurements were performed at the BL20U2 beamline in Shanghai
Synchrotron Radiation Facility using 10 KeV X-rays. The grazing-incidence angle was
1° and the exposure time was 20 s. The X-ray diffraction (XRD) was conducted using
an X-ray diffractometer (ARL Equinox 3500) with Cu Ka radiation at a scan speed of
2°/min. Fourier transform infrared spectroscopy was performed on a Nicolet 6700
spectrophotometer. The SEM images of perovskite films and devices were collected
using a Gemini 300 instrument. KPFM measurements were conducted on the FastScan
Bio (Bruker). X-ray photoelectron spectroscopy measurements were performed on an
ESCALAB Xi+ spectrometer using an Al Ka X-ray source. Ultraviolet photoelectron
spectroscopy (UPS) spectra were measured with a He Ia photon source. The binding
energy scale was calibrated using a clean gold film. Photoluminescence (PL) spectra
and time-resolved PL spectra were recorded by a steady-state transient fluorescence
spectrometer (FLS1000). PL peak energy mappings were probed using a Raman image-
scanning electron microscope (RISE-MAGNA). Absorption spectra were recorded
using a UV-vis-NIR spectrometer (PerkinElmer Lambda 750S). Femtosecond transient
absorption spectroscopy was conducted on Femto/Nano-TA100 (TIME-TECH

SPECTRA). Contact angle measurements were carried out on a DSA100 instrument.



Device Characterizations
The current density-voltage (J-V) characteristics of the perovskite solar cells were
measured with a Keithley 2400 source meter under simulated AM1.5G one-sun
illumination provided by a dual light source simulator (WXS-90S-L2, Wacom),
calibrated by a Si-reference cell (91150-KG5). For the single-junction perovskite solar
cells, the J-V curves were acquired via reverse scan (1.35 V to -0.1 V) and forward scan
(0.1 Vto 1.35 V), with a voltage step of 10 mV and a delay time of 10 ms. For the all-
perovskite tandem solar cells, J-V curves were obtained using reverse scan (2.2 V to -
0.1 V) and forward scan (-0.1 V to 2.2 V), with the voltage step of 10 mV and delay
time of 10 ms. The active area of the devices was defined by a black metal mask. The
transient photocurrent measurements were conducted on a characterization platform for
solar cells (PAIOS, Fluxim). External quantum efficiency was obtained using
monochromatic incident light of 1 x 10'® photons cm 2 in direct current mode (CEP-
2000BX, Bunko-Keiki). Space charge limited current, dark J-V curves, and Mott-
Schottky curves were collected on an electrochemical analysis instrument (Zahner,
Germany).

For the thermal stability measurement, the unencapsulated devices were placed on
a heating plate at 85 °C in the N»-filled glovebox (H>0, <0.01 ppm; Oz, <0.01 ppm).
All the devices are cooled down before each measurement. Device encapsulation was
conducted using glass-to-glass sealing with a caved glass cover and epoxy encapsulant
(Three Bond). For maximum power point tracking, the encapsulated device was
operated in ambient air (30-40% RH, 20-30 °C) under simulated one-sun illumination

(Xenon lamp). No UV filter was applied during operation
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Figure S1. XPS C 1s core-level spectra of Me-4PACz and Me-4PACz/FPT hybrid.



Transmittance

FPT

—— FPT+Pbl,
vN-H SN-H vC-N vC=3
L 679
3443
/ 1631
3500 3450 3400 1600 1550 700

Wavenumber (cm™)
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Figure S3. XPS spectra collected on the buried surface of the perovskite films deposited
on Me-4PACz (control) and Me-4PACz/FPT (target) substrates. (a) S 2p core-level; (b)

Pb 4f core-level.
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Figure S4. Linecut intensity profiles of the GIWAXS patterns at 45° and 90° azimuthal
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Figure S5. XRD patterns of the perovskite films deposited on Me-4PACz and Me-
4PACz/FPT.
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Figure S6. SEM images of top surface of the perovskite films.
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Figure S7. Formation energy of the neutral Pbl, and FAI vacancies on the Pb-1/Br-

terminated grain surface (a) without and (b) with FPT.
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Figure S8. Evolution of emission intensity (probed at 709 nm) of the perovskite films

during annealing, normalized at their maxima.
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Figure S9. Contact angle images of perovskite precursor on Me-4PACz and Me-
4PACz/FPT substrates.
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Figure S10. (a) PL spectra and (b) time-resolved PL decay of the perovskite films
deposited on quartz/Me-4PACz and quartz/Me-4PACz/FPT. The TRPL fitting details
are shown in Table S1.
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Figure S11. Urbach energies of the perovskite films deposited on quartz/Me-4PACz and
quartz/Me-4PACz/FPT, derived from the absorption curves.



Me-4PACz
— Me-4PACz/FPT

Counts

0 100 200 300 400 500
Surface potential (mV)

Figure S12. Statistical distribution of the surface potential values of Me-4PACz and
Me-4PACz/FPT hybrid.
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Figure S13. Wavefunction iso-surfaces of the VBM orbital of WBG perovskite. Green,
positive value; blue, negative value.



Me-4PACz

Intensity (a.u.)

— Me-4PACZ/FPT

5.36

35 40 45 50 55 6.0 6.5

Work function (eV)

Me-4PACz

| —— Me-4PACz/FPT

0.18

4 3

Binding energy (eV)

2

1

0

1

Figure S14. UPS spectra of Me-4PACz and Me-4PACz/FPT hybrid.
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Figure S15. UPS spectra collected on the buried surface of the perovskite films
deposited on Me-4PACz (control) and Me-4PACz/FPT (target).
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Figure S17. Absorption curves of the toluene solutions containing the perovskite films.
Inset, photos of the toluene solution before and after illumination.



Figure S18. Cross-sectional SEM image of a single-junction WBG PSC.
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Figure S19. Photovoltaic parameters statistics of the single-junction WBG PSCs with
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Figure S21. The certified result of the 1.76 eV single-junction perovskite solar cell,
measured at the National PV Industry Measurement and Testing Center. Anti-reflection
coating was applied on the device. Under reverse scan, the device achieved a PCE of
20.35%, a Jsc of 18.64 mA cm, a Voc of 1.305 V, and an FF of 83.65%. Under forward
scan, the device achieved a PCE of 19.94%, a Jsc of 18.63 mA cm™, a Voc of 1.301 V,
and an FF of 82.26%.



Control
Target

EL intensity (a.u.)

600 650 700 750 800 850
Wavelength (nm)

Figure S22. Electroluminescence spectra of the PSCs under 2 V bias.
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Figure S23. Light intensity dependence of the devices Voc.
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Figure S24. Logarithmic /-V curves of the hole-only devices FTO/NiO/SAM/WBG/

2&8& VTFL
elL?

Spiro-OMeTAD/Cu. Through the equation N; = , where ¢ and &y are the

dielectric constant and vacuum permittivity, respectively, e is the unit charge, and L is
the thickness of the perovskite film, trap densities of the control and target devices were

determined as 7.76x10'° cm™ and 1.06x10'° cm™, respectively.
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Figure S25. Dark J-V curves of the WBG PSCs.
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Figure S26. Photovoltaic parameters statistics of the 4PADCB-based single-junction
PSCs with different FPT concentrations, measured by reverse scan. Center line, median;
cross mark, mean; box range, 25/75 percentiles; whiskers, the outermost outliers within

1.5 x interquartile range.
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Figure S27. J-V curves and photovoltaic parameters of 1.53 eV PSCs with the
architecture FTO/4PADCB/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Bro.02)3/EDAl>/Cs0/BCP/Cu.
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Figure S28. J-V curves and photovoltaic parameters of 1.68 eV PSCs with the
architecture FTO/Me-4PACz:MeO-2PACz=2:1/Cs0.0sMAo.15FA0.8Pb(I0.75Br0.25)3/

EDAI/Cs/BCP/Cu.
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Figure S29. J-V curves and photovoltaic parameters of the 1.25 eV NBG device with
the architecture FTO/PEDOT: PSS/Rbo.04Cs0.2FA0.76Pbo.sSno.sI3/EDAI/Cs0/BCP/Cu.
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Figure S30. Steady-state power output of the tandem cell during 300 s operation.
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Figure S31. The shelf stability of 12 unencapsulated tandem cells during 2016 hours
storage (dark; N»). Center line, median; cross mark, mean; box range, 25/75 percentiles;
whiskers, the outermost outliers within 1.5 x interquartile range. The mean PCEs at 96
h and 2016 h are 29.07% and 27.95%, respectively.



Table S1. Fitting results for the time-resolved PL decay curves. Formula of the double-
exponential decay function is y = A1*exp(-x/z1) + Ax*exp(-x/72) + yo.

Sample Ay 71 (ns) As 72 (ns)
Control 0.71 128 0.16 576
Target 0.76 228 0.14 750

Table S2. Overlap integrals between the molecular orbitals and perovskite VBM orbital.

Molecular orbital (y,,,) Overlap integral fl,b,*n YyeudV
Me-4PACz HOMO 0.00038
Me-4PACz HOMO-1 0.00040
Me-4PACz/FPT HOMO 0.00112
Me-4PACz/FPT HOMO-1 0.00608

Table S3. Fitting results for the transient absorption decay curves. Formula of the
double-exponential decay function is y = A1*exp(-x/z1) + Ax*exp(-x/12) + yo.

Sample Al 71 (ps) Ao 72 (ps)

Control 0.32 395 0.45 2903

Target 0.33 171 0.48 2690




Table S4. Average photovoltaic parameters with standard deviations of the single-
junction PSCs with different FPT consentrations, measured in reverse scan.

Device Jy (mA cm™) Vo (mV) FF (%) PCE (%)
Control 17.89+0.20 1279+8.84 79.54+1.98 18.2040.53
025mg/mL  18.18+0.10 1301+7.95 82.90+1.06 19.6140.37
0.5mg/mL  18.23+0.19 1305+11.25 84.57+0.77 20.1240.32
1 mg/mL 18.07+0.13 1301+11.08 82.68+1.01 19.44+0.37

Table S5. Ceritified photovoltaic performance in reverse scan of state-of-the-art WBG
PSCs (1.75-1.80 eV).

Year Composition E¢s (eV) PCE (%) Ref
2023 Cs0.2FA0.8Pb(l0.65Br0.35)3 1.75 18.81 12
2024 Cs0.2FA0.3Pb(lo.6Bro.4)3 1.77 19.31 13
2024 Cs0.2FA0.3Pb(lo.6Bro.4)3 1.77 18.88 14
2024 Cs0.15MAo.0sF Ao sPb(1o.7Bro3)s 1.75 20.70 15
2025 Cs0.2FA0.sPb(lo.6Bro.4)3 1.77 19.72 16
2025 Cs0.2FA0.sPb(lo.6Bro.4)3 1.77 19.72 17
2025 Cs0.2FA0.sPb(Io.6Bro.4)3 1.77 17.17 18
2025 Cs0.2FA0.sPb(Io.6Bro.4)3 1.77 20.21 19
2025 Cs0.1sDMA.07F Ao.78Pb(I0.7B10.3)3 1.76 21.18 20
This work Cs0.2FA0.3Pb(l0.63Br0.37)3 1.76 20.35

Table S6. Average photovoltaic parameters with standard deviations of the all-
perovskite tandem solar cells, measured in reverse scan.

Device  Jg.(mAcm?) V.. (mV) FF (%) PCE (%)
Control 15.93+0.18 2068+15.86 82.09+0.97 27.04+0.40
Target 16.24+0.22 2109+16.63 83.48+1.08 28.60+0.52




Reference

1
2.
3.
4
5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

F. Neese, F. Wennmohs, U. Becker and C. Riplinger, J. Chem. Phys., 2020, 152,224108.
Y. Zhao and D. G. Truhlar, Theoretical Chemistry Accounts, 2008, 120, 215-241.

F. Weigend and R. Ahlrichs, Physical Chemistry Chemical Physics, 2005, 7, 3297.

F. Weigend, Physical Chemistry Chemical Physics, 2006, 8, 1057.

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, The Journal of Chemical Physics, 2010,
132, 154104.

J. PERDEW and Y. WANG, PHYSICAL REVIEW B, 1992, 45, 13244-13249.

A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

T. D. Kiihne, M. Iannuzzi, M. Del Ben, V. V. Rybkin, P. Seewald, F. Stein, T. Laino, R.
Z.. Khaliullin, O. Schiitt, F. Schiffmann, D. Golze, J. Wilhelm, S. Chulkov, M. H. Bani-
Hashemian, V. Weber, U. Bor$tnik, M. Taillefumier, A. S. Jakobovits, A. Lazzaro, H.
Pabst, T. Miiller, R. Schade, M. Guidon, S. Andermatt, N. Holmberg, G. K. Schenter,
A. Hehn, A. Bussy, F. Belleflamme, G. Tabacchi, A. G168, M. Lass, 1. Bethune, C. J.
Mundy, C. Plessl, M. Watkins, J. VandeVondele, M. Krack and J. Hutter, The Journal
of Chemical Physics, 2020, 152, 194103.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett. (USA), 1996, 77, 3865-3868.
T. Lu and F. Chen, Journal of Computational Chemistry, 2012, 33, 580-592.

W. Humphrey, A. Dalke and K. Schulten, J. Mol. Graph., 1996, 14, 33-38.

S. Li, Z. Zheng, J. Ju, S. Cheng, F. Chen, Z. Xue, L. Ma and Z. Wang, Adv. Mater.,
2024, 36.

X. Jiang, Q. Zhou, Y. Lu, H. Liang, W. Li, Q. Wei, M. Pan, X. Wen, X. Wang, W. Zhou,
D. Yu, H. Wang, N. Yin, H. Chen, H. Li, T. Pan, M. Ma, G. Liu, W. Zhou, Z. Su, Q.
Chen, F. Fan, F. Zheng, X. Gao, Q. Ji and Z. Ning, National Science Review, 2024, 11.
Z.Yi, W. Wang, R. He, J. Zhu, W. Jiao, Y. Luo, Y. Xu, Y. Wang, Z. Zeng, K. Wei, J.
Zhang, S.-W. Tsang, C. Chen, W. Tang and D. Zhao, Energy Environ. Sci., 2024, 17,
202-209.

R. Wang, X. Liu, S. Yan, N. Meng, X. Zhao, Y. Chen, H. Li, S. M. H. Qaid, S. Yang,
M. Yuan and T. He, Nature Communications, 2024, 15.

D. Py, X. Zhang, H. Fang, W. Shen, G. Chen, W. Chen, P. Jia, G. Li, H. Guan, L. Huang,
Y. Zhou, J. Wang, W. Zheng, W. Meng, G. Fang and W. Ke, Science Advances, 2025,
11.

S. Fu, S. Zhou, W. Meng, G. Li, K. Dong, D. Pu, J. Zhou, C. Wang, H. Guan, W. Shao,
L. Huang, Z. Su, C. Wang, G. Chen, P. Jia, J. Wang, Z. Xu, X. Gao, H. Cong, T. Wang,
C. Xiao, G. Fang and W. Ke, Nature Nanotechnology, 2025, 20, 764-771.

X. Zheng, S. Yang, J. Zhu, R. Liu, L. Li, M. Zeng, C. Lan, S. Li, J. Li, Y. Shi, C. Chen,
R. Guo, Z. Zheng, J. Guo, X. Wu, T. Luan, Z. Wang, D. Zhao, Y. Rong and X. Li,
Energy Environ. Sci., 2025, 18, 2995-3004.

C. Shi, J. Wang, X. Lei, Q. Zhou, W. Wang, Z. Yang, S. Liu, J. Zhang, H. Zhu, R. Chen,
Y. Pan, Z. Tan, W. Liu, Z. Zhao, Z. Cai, X. Qin, Z. Zhao, J. Li, Z. Liu and W. Chen,
Nature Communications, 2025, 16.

Y. Li, X. Zhao, N. Meng, S. Dong, S. Yan, M. Yang, C. Sun, Z. Li, S. Yang, M. Yuan
and T. He, Adv. Mater., 2025, DOI: 10.1002/adma.202505694.



