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Supplementary Fig. 1. Photos of the synthesized ATFSI salts and their solutions in

THF.
a As-synthesized ATFSI salts. NH4TFSI, MATFSI, and TMATFSI are white solids,
whereas DMATFSI appears as an ionic liquid. b Solutions after dissolving LiTFSI,

NH4TFSI and spiro-OMeTAD in THF.
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Supplementary Fig. 2. Setup and operating conditions for in situ ultraviolet-visible-

near-infrared (UV-Vis-NIR) absorption measurements. a, Variation of H20 and O
concentrations inside the glovebox (< 0.1 ppm). The inset shows the custom-built in situ
UV-Vis-NIR measurement setup, where U is the spectrometer's light source with bandpass
filter, D is the detector, S is the sample, and L is the external, variable-wavelength LED for
sample illumination. b, Full-range emission spectrum of the LED lights used for general
illumination within the glovebox. ¢, Emission spectrum of the white LED lights used for

the LODT tests.
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Supplementary Fig. 3. UV-Vis-NIR absorption of pristine spiro-OMeTAD and spiro-
OMeTAD doped with LiTFSI. The absorption spectra for pristine spiro-OMeTAD

solutions using a, chlorobenzene (CB) and b, THF as the solvent, respectively; spiro-

OMeTAD with LiTFSI in ¢, CB and d, THF under white LED illumination for 20 min.
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Supplementary Fig. 4. UV-Vis-NIR absorption spectra of different oxidized spiro

species solutions. Probing of different oxidized spiro species in pristine spiro-OMeTAD,
spiroHTFSI, spiroTFSI and spiro(TFSI)2. The sharp peaks are due to the switching of

different light sources from instrument during tests.
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Supplementary Fig. 5. Photoresponsivity absorption of spiro-OMeTAD solutions

doped with various ATFSI salts. Time-resolved UV-Vis-NIR absorption spectra of spiro-
OMeTAD solutions doped with a, NH.TFSI, b, MATFSI, ¢, DMATFSI, d, TMATFSI, and
e, TeMATFSI, measured under continuous white LED illumination for 10 min. The sharp
spikes are due to the switching of different light sources in the measurement setup during

the test.
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Supplementary Fig. 6. UPS results of the LODT-HTL films doped with ATFSI salts.
a-e, Ultraviolet photoemission spectroscopy (UPS) spectra for the LODT-HTL films doped
with a, NH4TFSI, b, MATFSI, ¢, DMATFSI, d, TMATFSI, and e, TeMATFSI. f, Summary
plot of the energy positions of the corresponding Fermi level (Er), the highest occupied
molecular orbital (Enomo), and the energy difference between them (Er-Enomo) as
extracted from the UPS data. More information can be found from Supplementary Table

1.
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Supplementary Fig. 7. Conductivity of the different LODT-spiro HTL. Dark current
density as a function of applied voltage. The device structure is ITO / LODT spiro with
different TFSI salts / Au. The relative vertical position of the curves directly reflects the

conductivity differences as a function of a, different cations and b, NH4TFSI concentration.
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Supplementary Fig. 8. UV-Vis-NIR spectra of the NH4sTFSI-doped spiro-OMeTAD
solution under illumination at different wavelengths. Evolution of the absorption
spectra for an NH4TFSI-doped spiro-OMeTAD solution in THF under monochromatic
LED light source illumination. The illumination wavelengths for the respective panels
correspond to a, 365 nm, b, 450 nm, ¢, 550 nm, d, 650 nm, and e, 850 nm. f, Absorbance
intensity changes at 1521 nm under different light illumination. The sharp peak around

1700 nm in (e) can be attributed to the two low-lying transitions of spiro™
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Supplementary Fig. 9. Light intensity dependence of the LODT NH4TFSI-doped
spiro-OMeTAD. a, Absorbance changes of the NH4TFSI-doped spiro-OMeTAD solution
over the same time period under illumination with a 450 nm LED at various power levels
(5 mW, 20 mW and 50 mW) in 10 min. b, Absorbance intensity changes at 1521 nm by

450 nm light illumination at different light power values.
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Supplementary Fig. 10. Pump-probe transient absorption spectroscopy (TAS) of
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pristine and NH4TFSI-doped spiro-HTL. Comprehensive TA data and global analysis
for a pristine spiro-OMeTAD film (a-f,) and an NH4TFSI-doped LODT-HTL film (g-1,),

following excitation with a 350 nm pump pulse. a, g, Chirp-corrected transient absorption

data displayed as contour plots. b, h, Evolution-associated spectra (EAS). ¢, i,

Experimental (circles) and fitted (solid lines) kinetic traces at representative wavelengths.

d, j, Residual matrix from the global fit. e, k, Decay-associated spectra (DAS). f, 1,

Transient absorption spectra at the selected time delays.
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Supplementary Fig. 11. Effect of the fBP/THF volume ratio on the film morphology
of LODT-HTLs. Optical microscopy images of conventional LiTFSI-doped spiro-HTL
and NH4TFSI-doped LODT-HTL films prepared with varying volume ratios of /BP:THF.

All scale bars correspond to 100 pm.
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Supplementary Fig. 12. Effect of /BP addition on the optical properties of LODT
solutions. a, Photos of the spiro solutions prepared with varying amounts of tBP added
before and after being illuminated with white light. b, Comparison of the final solution
absorbance resulting from two different process sequences: adding /BP before light
exposure and adding /BP after light exposure. ¢, Corresponding UV-Vis-NIR absorption
spectra for the solutions shown in a. d, Photos of the solid materials that remained after

solvent evaporation. NH4TFSI was employed as dopants for all LODT-HTL solutions.
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Supplementary Fig. 13. Effect of the /BP concentration on the energy levels of the
LODT-HTL films, studied by UPS. UPS spectra of the NH4TFSI-doped LODT-HTL
films prepared with varying volume ratios of /BP to THF. The tBP/THF ratios for the
respective panels are: a, 0, b, 0.67, ¢, 1, d, 10, and e, 50. More information can be found

in Supplementary Table 2.
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Supplementary Fig. 14. Effect of /BP on the energy levels of conventionally LiTFSI-

doped spiro-HTL films. a, b, UPS spectra of the LiTFSI-doped spiro-HTL films prepared
a, without and b, with the addition of /BP in THF solvent. ¢, Summary and comparison of

the corresponding Er, HOMO position, and their energy differences (| Er - Enomo |).
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Supplementary Fig. 15. Determination of glass transition temperature (7g) by
differential scanning calorimetry (DSC). a-d, DSC for a, pure NH4TFSI, b, pristine
spiro-OMeTAD, ¢, spiro-OMeTAD doped with LiTFSI, and d, spiro-OMeTAD doped with
both LiTFSI and /BP in conventional HTL. e, DSC showing the changes in 7y for the
NH4TFSI-doped LODT-HTL as a function of /BP concentration.
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Supplementary Fig. 16. Stability test of the FAPbI3 single crystals in THF and /BP
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solvents. a, UV-Vis spectra of FAPbI3 single crystals immersed in /BP and THF. b, Time-

resolved absorbance for monitoring the dissolution kinetics of FAPbI3 in the two solvents.

¢, Photos of dissolved FAPbIs in THF and /BP. d, XRD patterns of the perovskite films

after treatment with different concentrations of rBP, showing the emergence of the Pbl:

degradation peak (26 = 12.6°) with respect to the main perovskite peak (26 = 14.1°).
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Supplementary Fig. 17. Effect of solvent treatment on the surface morpholoy of the
perovskite films. Top-view SEM images of the perovskite films after being treated with

different solvents. All images have the same size, and the scale bar is 2 um.

18



. B Pristir}'e“.P‘VSK
b SEEAD ,
Two-step o Awosstep* .
Control: 5| = KTEST . %,
SRS AT e | RS A m
A 2y it
c

.~ . Eontrol

i o Vi ) y <
YIRS 2688 e ‘RMS 42Nt
o =

5m

-

Supplementary Fig. 18. Effect of KTFSI additive on the morphology of perovskite

) ' "

films. a, 3D pseudo-color image from laser scanning microscopy, showing the surface
topography of a KTFSI-doped perovskite film prepared via the two-step method. b, AFM
images comparing the pristine (control) and KTFSI-treated perovskite films prepared via
the two-step method. The root-mean-square (RMS) roughness is 172 nm for the control
sample and 2.47 um for the treated film. ¢, AFM images comparing pristine (control) and
KTFSI-treated perovskite films prepared via the one-step anti-solvent method. The
addition of KTFSI increases the mean grain size from 688 nm for the control sample to 742

nm for the treated film.
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Supplementary Fig. 19. SEM images of the perovsklte films doped with TFSI salts.
SEM images of the perovskite films prepared with either KTFSI or CsTFSI additives
introduced at different stages of the fabrication process. Each row compares a pristine film,
a CsTFSI-doped film, and a KTFSI-doped film. a, For the two-step method, with the TFSI
salt added to the Pblz precursor solution. b, For the two-step method, with the TFSI salt
added to the FAI/IPA solution. ¢, For the one-step method, with the TFSI salt added to the

perovskite precursor solution.
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Supplementary Fig. 20. XRD results of the effect of KTFSI on the two-step processed

perovskite films. Comparison of the XRD patterns for the pristine (control) and KTFSI-
doped perovskite films. a, Wide-angle scan over the 2-theta range of 26 = 5-70°. b,
Zoomed-in view of the 26 = 12-15° region, highlighting the main Pbl> (001) peak (26 ~
12.6°) and the perovskite (110) peak (20 ~ 14.1°).
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Supplementary Fig. 21. Crystallization evolution of a pristine perovskite film

prepared via the two-step method. Characterization of the morphological and structural
evolution of a pristine (control) perovskite film during thermal annealing. a, SEM images
showing the film morphology at different annealing times. b, Corresponding XRD patterns
at different annealing times. ¢, Full width at half maximum (FWHM) of the main perovskite
diffraction peak as a function of annealing time, with the values extracted from the data

presented in panel b.
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Supplementary Fig. 22. Crystallization evolution of a KTFSI-doped perovskite film

prepared via the two-step method. Characterization of the morphological and structural
evolution of a the KTFSI doped perovskite (PVSK with KTFSI) film during thermal
annealing. a, SEM images showing the film morphology at different annealing times. b,
Corresponding XRD patterns at different annealing times. ¢, FWHM of the main perovskite
diffraction peak as a function of annealing time, with the values extracted from the data

presented in panel b.
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Supplementary Fig. 23. Crystallization evolution of a pristine perovskite film
prepared via the one-step method. Characterization of the morphological and structural
evolution of a pristine (control) perovskite film during thermal annealing. a, SEM images
showing the film morphology at different annealing times. b, Corresponding XRD patterns
at different annealing times. ¢, FWHM of the main perovskite diffraction peak as a function

of annealing time, with the values extracted from the data presented in panel b.
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Supplementary Fig. 24. Crystallization evolution of a KTFSI-doped perovskite film

prepared via the one-step method. Characterization of the morphological and structural
evolution of a KTFSI doped perovskite (PVSK with KTFSI) film during thermal annealing.
a, SEM images showing the film morphology at different annealing times. b,
Corresponding XRD patterns at different annealing times. ¢, FWHM of the main perovskite
diffraction peak as a function of annealing time, with the values extracted from the data

presented in panel b.
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Supplementary Fig. 25. Evolution of UV-Vis absorption spectra for the pristine and

KTFSI-doped perovskite films during annealing. Time-resolved UV-Vis absorption

spectra of the perovskite films at different stages of annealing at 150 °C, comparing pristine

(control) and KTFSI-doped films for both one-step and two-step fabrication methods. a, b,

Spectral evolution for the films prepared via the two-step method: a, control film, and b,

KTFSI-doped film. ¢, d, Spectral evolution for the films prepared via the one-step method:

¢, control film, and d, KTFSI-doped film. The tangent line indicates that the incorporation

of KTFSI does not affect the optical bandgap of the perovskite film. For one-step PVSK:
Eg=1.54 eV. For two-step PVSK: Eg = 1.53 eV.
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Supplementary Fig. 26. Comparison of the pristine and KTFSI-doped Pbl: films for

the two-step method. a, Comparison of the XRD patterns for the pristine and KTFSI-
doped Pbl: films. b, ¢, Top-view SEM images showing the surface morphology of b, a
pristine Pbl2 film and ¢, a KTFSI-doped Pbl2 film.
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Supplementary Fig. 27. Crystallization of a pristine one-step perovskite solution
during solvent evaporation. Optical microscopy images showing the crystallization
process of a perovskite film from a one-step precursor solution (DMF/DMSO) as the

solvent naturally evaporates for 9 min. The scale bar for all images is 100 pm.
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Supplementary Fig. 28. Crystallization of a KTFSI-doped one-step perovskite

solution during solvent evaporation. Optical microscopy images showing the
crystallization process of a KTFSI-doped perovskite film from a one-step precursor
solution (DMF/DMSO) as the solvent naturally evaporates for 9 min. All images have the

same size, and the scale bar is 100 um.
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)
Supplementary Fi
DMEF/DMSO solution after solvent evaporation. a, Optical microscopy images of the
resulting crystals from the control and KTFSI-doped solutions. b, Corresponding 3D

pseudo-color images from laser scanning microscopy, showing the topography of the

crystals.
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Supplementary Fig. 30. Evolution of the excitation-emission matrix (EEM)
fluorescence spectra for one-step perovskite films during annealing. The figure
compares the EEM spectra for the pristine (control) and KTFSI-doped films at different
annealing times (0, 1, 3, 5, and 10 min). The spectra show the emission intensities in the
650-900 nm range as a function of excitation from 300-500 nm. a, Pristine film without

KTFSI. b, KTFSI-doped film.
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Supplementary Fig. 31. Evolution of the excitation-emission matrix (EEM)
fluorescence spectra for two-step perovskite films during annealing. The figure
compares the EEM spectra for the pristine (control) and KTFSI-doped films at different
annealing times (0, 1, 3, 5, and 10 min). The spectra show the emission intensities in the
650-900 nm range as a function of excitation from 300-500 nm. a, Pristine film without

KTFSI. b, KTFSI-doped film.
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Supplementary Fig. 32. Time-resolved photoluminescence (TRPL) decay of the

perovskite films. Comparison of the TRPL decay curves and tri-exponential fits for
perovskite films prepared with different potassium salts. The orange dots and fitting line
represent the PVSK film treated with potassium iodide (KI), while the red dots and fitting
line represent the PVSK film doped with KTFSI (molar equivalent of KI). The calculated
average carrier lifetimes (tavg) are 659 ns and 727 ns for the control and KTFSI-doped films,

respectively.
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Supplementary Fig. 33. Dark current-voltage (I-V) characteristics of the electron-only

devices. Dark current-voltage (/-V) characteristics of the electron-only devices with the
FTO/SnO2/PVSK/PCBM/Ag configuration employing the perovskite films with KI
(Control, red dots) and KTFSI (orange dots). The trap-filled limit voltages (VrrL) are
determined to be 0.187 V and 0.115 V for the control and KTFSI-doped films, respectively.
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Supplementary Fig. 34. Dark current-voltage (I-V) characteristics of the pristine and
KTFSI incorporated perovskite films with the configuration of FTO/SnO2/PVSK/spiro/Au.
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Supplementary Fig. 35. UPS results of the pristine perovskite layer (yellow curves) and
KTFSI incorporated perovskite film (blue curves).
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Supplementary Fig. 36. Combined a,b,c,d, KPFM images and e, CPD variation acquired

on the one-step perovskite layer without (Control) and with KTFSI treatment. The CPD

variations infer the WF differences comparing both samples. Scale bar ina - d is 5 um.
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Supplementary Fig. 37. Energy levels of perovskites and HTLs. a, illustration of energy

level alignments between perovskites and HTLs. From left to right: pristine perovskite,
KTFSI added PVSK, LODT-HTL with NH4TFSI, and LODT-HTL co-doped with OATFSI
(1% mol to spiro); Evem are determined based on the UPS results and Ecswm are determined
based on the low energy inverse photoemission spectroscopy (LEIPS) results, with their
values represented with respect to the vacuum level (w.r.t. Evacuum). UPS results of b,
LODT-HTL with OATFSI only and ¢, co-doped with NH4TFSI and OATFSI in LODT-
HTL with respect to the Fermi level, Er (w.r.t. EF).
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Supplementary Fig. 38. XPS results of a, Pb 4/ and b, I 3d core levels for the pristine

perovskite film and KTFSI treated perovskite.
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Supplementary Fig. 39. SIMS results of a, b, the KTFSI treated sample and ¢, d, pristine
perovskite layer (on Si substrate). Spectra in a and ¢, correspond to the positive detection

mode, while b, and d, correspond to the negative mode of SIMS.
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Supplementary Fig. 40. TRPL curves with bi-exponential fits of conventional LiTFSI
doped spiro (HTL) on pristine perovskite (PVSK-HTL, red dots), HTL on KTFSI modified
perovskite [PVSK(KTFSI)-HTL, orange dots], and LODT-OA (co-doped NH4TFSI with
1% mol OATFSI) on KTFSI modified perovskite [PVSK(KTFSI)-LODT, blue dots]

deposited on quartz substrates, comparing different interfacial carrier dynamics.
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Supplementary Fig. 41. Temporal evolution of the differential absorption signals (DAS)
and delay time-dependent transient absorption spectra (TAS) at the pump-probe delay time
of 0 —1100 ps TAS a,c, KTFSI added perovskite film with LiTFSI-spiro-HTL on quartz
and b,d, as pristine perovskite with Li-spiro. Signals over a broad spectral range (560—-940
nm) and across time delays from sub-picoseconds to nanoseconds. A pronounced negative

feature centered around 760-780 nm is observed, corresponding to ground-state bleaching

(GSB) of perovskite due to band-edge state filling by photogenerated carriers.

42



3 1

Supplementary Fig. 42. Photos and lattice constants of a FAPbI3 single crystal. a,
Photos of FAPbI3 and KTFSI (3 mg/mL) doped FAPbIs single crystal grown via the inverse
temperature crystallization (ITC) method!? using 2-Methoxyethanol (2-Me) as the solvent.
The image shows the black, needle-like crystal in the yellow precursor solution. b,

Crystallographic data, including the lattice constants, obtained from single-crystal X-ray

diffraction analysis.

Lattice FAPbI3
Constant FAPDls + KTFSI
a(A) 8.66 8.67
b (A) 8.66 8.67
c(A) 7.93 7.94

Alpha (°) 90 90
Beta (°) 90 90
Gamma (°) 120 120
Volume (A%) 515 517
Crystal System| Hexagonal P | Hexagonal P
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Supplementary Fig. 43. GIXRD (w = 1°) data employing a heating stage for probing the

PVSK thermal stability with a, and b, PEATFSI and ¢, and d, PEAI by keeping the

annealing temperature at 70 °C. The acquisition time interval for each spectrum is 1 min.
b, and d, are corresponding zoomed-in plots of PEATFSI and PEAI conditions showing
the thermal instabilities of 2D phase. The first recorded plot stands at front (violet color),

and each line is sampled every 1 min.

44



Pbl,+PEAI

Intensity (a.u.)

Intensity (a.u.)

2 Theta (degrees) Z%heta (degrees) 6
Pbl,+PEATFSI
s &
2 2
g d g
] ]
= =

—

o
yL
)

|
\
Cc i
A
‘
iy ‘i-‘—y A MM
" b Ly WY e ¥ 7y gt ) h 1
» Y ~N L S
P Vv AR T g

AN
1) { - \ ,

4 6 8 10 12 14 4 6
2 Theta (degrees) 2 Theta (degrees)

Supplementary Fig. 44 GIXRD (w = 1°) data employing a heating stage for probing the
Pbl> reaction dynamics with a, and b, PEATFSI and ¢, and d, PEAI by keeping the

annealing temperature at 70 °C. The acquisition time interval of each spectrum is 1 min. b,
and d, are corresponding zoomed-in plots showing the thermal behavior of PEATFSI
induced 2D phase and PEAI (no 2D phase formation) treated Pbl2 films. The first recorded
plot stands at front (violet color), and each line is sampled every 1 min. Pbl> can react with
PEAI to form a stable 2D perovskite, but without the participation of additional iodide ions,
Pbl> cannot react with PEATFSI to form a perovskite phase.

45



Pbl,+OATFSI

Intensity (a.u.)
Intensity (a.u.)

4 6 8 10 12 14 4 6 8 10 12 14
2 Theta (degrees) 2 Theta (degrees)

Supplementary Fig. 45 GIXRD (w = 1°) data employing a heating stage for probing the
a, PVSK and b, Pblz thermal stability and reactivity dynamics with OATFSI by keeping
the annealing temperature at 70 °C. The acquisition time interval for each GIXRD spectrum

is 1 min. The first recorded plot stands at front (green curves), and each line is sampled

every 1 min.
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Supplementary Fig. 46. Energy level characterization of the perovskite films using
UPS and LEIPS. Combined UPS and LEIPS spectra. The figure compares a KTFSI-doped
perovskite film (blue curves) with a KTFSI-doped film with additional post-treatment with
OATFSI (red curves).
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Supplementary Fig. 47. Current-voltage (I-V) characteristic of a hole-only device. a,

Current-voltage (/-V) characteristic of a hole-only device featuring a KTFSI-doped
perovskite film with an additional OATFSI post-treatment. The device structure is
FTO/PTAA/PVSK/spiro/Au, the perovskite film thickness is 650 nm, and the electrode

area is 0.09 cm?.
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Supplementary Fig. 48. Enhanced hydrophobicity and stability of perovskite films by

OATFSI post-treatment. a, Photographs comparing the degradation of an untreated
perovskite film and an OATFSI-treated film after storage for 200 h in an ambient
environment (25 °C, 42-53% RH). b, Water contact angle test on different film surfaces:
pristine perovskite (2.9°), KTFSI-doped perovskite (51.3°), and a KTFSI-doped film with
an additional OATFSI post-treatment (66.1°).
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Supplementary Fig. 49. UPS spectra of spiro-HTL with different doping concentrations
of NH4TFSI. UPS (He-la = 21.22 V) spectra showing the changes in the a, WF and b, (y-
axis in linear scale) ¢, (y-axis in logarithmic scale) ionization energy (IE) values upon
increasing the NH4TFSI doping concentration. d, Energy level diagram showing the

changes in the Fermi level and IE positions upon increasing the NH4TFSI doping

concentration.
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Supplementary Fig. 50. Efficiency optimization with the box chart of the NH4TFSI

concentration in the LODT method applied in PSCs.

51



a c:;~24 b 24F
£ NH,TFSI £ LiTFSI
©20F,. T °2}
g Light Oxidation <
—16} 516 -
2 2
2 12} 212}
(] Q
© e}
b= 8t y 8t
o Fresh o Fresh
5 4f= = After24h 5 4} After 24 h
= o[ ——After 48 h o 5 After 48 h
00 02 04 06 08 1.0 1.2 00 02 04 06 08 10 12
Voltage (V) Voltage (V)
C
‘,.1\24
g LiTFSI+FK209
< 201 chemical Oxidation
§«16.
o]
212
]
= 4l
§ Fresh
5 41 After 24 h
9 . After 48 h
00 02 04 06 08 1.0 1.2
Voltage (V)

Supplementary Fig. 51. Distinctions between the conventional spiro-HTL and the LODT
method. Current density-voltage plots of the PSCs corresponding to a, NH4TFSI as dopant
in LODT processed spiro-HTL. b, LiTFSI as dopant in conventional spiro-HTL, ¢, LiTFSI
and FK209 as dopant in chemically oxidized spiro-HTL.
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Supplementary Fig. 52. Hindex based on the devices with different HTLs. Different Hindex

from LiTFSI-based conventional, chemical oxidation, and LODT spiro-HTL methods
applied in PSCs.
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Supplementary Fig. 53. J-V plots of the devices corresponding to the optimized LODT

conditions applied on different compositions of perovskite layers. Normal bandgap
perovskite (NBG) refers to Cso.1FA09Pbls with Eg = 1.53 eV; Wide bandgap perovskite
(WBGQ) refers to Cso.12sMAo.125FA0.75Pb(l0.833Bro.167)3 with Eg = 1.68 eV; Inorganic
perovskite solar (ING) refers to CsPbls with Eg = 1.71 eV.
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Supplementary Fig. 54. Wavelength-dependent absorbance changes of spiro doped
OATFSI. Time-resolved UV-Vis-NIR absorption spectra of the spiro solution doped
exclusively with OATFSI, measured under illumination with monochromatic light at
various wavelengths of a, white, b, 365 nm, ¢, 550 nm and d, 650 nm. e, Absorbance
intensity changes at 1521 nm under different light illumination for OATFSI LODT spiro

solution.
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Supplementary Fig. 55. Effect of OATFSI co-doping on the conductivity of LODT-
HTL films. Dark current-voltage (I-V) characteristics of the LODT-HTL films. The
yellow-colored curve represents the control film doped with only NH4TFSI (w/o OATFSI),
while the blue curve represents the film co-doped with both NH4TFSI and 1% mol OATFSI
(w/ 1% OATFSI) and pink for 100% OATFSI doping. Both HTL solutions were prepared
in a chlorobenzene solvent with a /BP/THF volume ratio of 1. The calculated conductivity

is 2.93 x 103 S/cm for 1% OATFSI and 3.625 x 103 S/cm for 100% OATFSI.
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Supplementary Fig. 56. Pump-probe transient absorption spectroscopy (TAS) of co-
doped OATFSI in LODT-HTL with NH4TFSI under excitation with a 350 nm pump

pulse. Comprehensive TA data and global analysis for a pristine spiro-OMeTAD film. a,

Chirp-corrected transient absorption data displayed as contour plots. b, Evolution-

associated spectra (EAS). ¢, Experimental (circles) and fitted (solid lines) kinetic traces at

representative wavelengths. d, Residuals matrix from the global fit. e, Decay-associated

spectra (DAS). f, Transient absorption spectra at selected time delays.
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Supplementary Fig. 57. DSC of spiro with various dopants. a, DMATFSI-doped LODT-
HTL (7g = 80.3 °C). The inset shows a photo of liquid DMATFSI. b, 100% mol OATFSI-
doped LODT-HTL (7 = 72.6 °C). The inset shows a photo of viscous, oily OATFSI; IL =
ionic liquid. ¢, LODT-processed spiro co-doped with NH4TFSI and 1% mol OATFSI (7 =
90 °C). d, spiro doped with HTFSI (7 = 119.2 °C). e, spiroTFSI, which shows no distinct
glass transition. f, spiro(TFSI)2, which shows no distinct glass transition or crystallization-

induced exothermic features.
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Supplementary Fig. 58. Forward- and reverse-scan J-V plots of the best control and

KTFSI treated PSCs highlighting the differences in Voc and hysteresis.
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Supplementary Fig. 59. a, J-V plots of the champion devices corresponding to the devices
based on 0.16 cm? PSCs. b, Steady-state power output (SPO) PCE and Jic of the champion
device at a bias of 1.01 V for a duration of 320 s.
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Supplementary Fig. 60. EQE spectra of the perovskite solar cells incorporating the

pristine (Control) and KTFSI-PVSK (Target) films. Inset: cross-section view SEM images
of the devices from control (top) and KTFSI (bottom) incorporated perovskite films within
the FTO/SnO2/PVSK/spiro-LODT HTL/Au solar cell structure. Scale bar is 1pum.
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Supplementary Fig. 61. Statistical distribution of FF, PCE, Js«c and Voc comparing the
target and control PSCs on a, 0.16cm? active area, b, PSM with and an aperture area of

22.08 cm?.
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Supplementary Fig. 62. Design, layout, and characterization of the 5 cm x 5 cm PSM.
a, Schematic of the PSM layout on a 5 cm x 5 c¢cm substrate. The positive and negative
electrodes are 2 mm wide, each sub-cell has a width of 5.75 mm, and a 1 mm wide P4
scribe is used for edge isolation after Au deposition. b, Diagram of the aperture mask used
for device characterization. The frame dimensions correspond to the electrode and P4
scribe widths, defining a final aperture area of 22.08 cm?. ¢, 3D pseudo-color image from
laser scanning microscopy used to determine the dimensions of the P1, P2, and P3 scribe
lines, with color representing surface topography. The total interconnect distance (P1 to P3)

is 340 um, resulting in a calculated geometric fill factor (GFF) of approximately 0.94.
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Supplementary Fig. 63. The certification report of PSM with an aperture area of 12.83
cm? issued from a third-party independent certification center (Shanghai Institute of
Microsystem and Information Technology (SIMIT)). Note: No mask was used for the test,
and the aperture area is defined by the active area with P1 and P4 plus interconnections

measured by an optical microscope.
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d=5mm d=4mm d=3mm d=2mm d=1mm
~400 nm ~ 350 nm ~250nm ~120 nm ~20 nm

a, Schematic of the D-bar coating deposition process. The film thickness is controlled by

varying the gap distance (d) between the blade and the substrate, while the coating speed
(V) is kept constant at 12 mm/s. b, Optical photographs (top row) and cross-sectional SEM
images (bottom row) showing the spiro-OMeTAD film thickness as a function of d. A gap
of 2 mm yields a thickness of ~250 nm, comparable to that from spin-coating (240 nm). ¢,
Uniformity assessment of the D-bar coated HTL. Cross-sectional SEM images taken at
different points (A, B, C, D) on a 5 cm x 5 cm substrate demonstrate similar film
thicknesses. The color variation at the corners of the PSM originates from thickness

inhomogeneity caused by the two-step spin-coating deposition of the perovskite layer.
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Supplementary Fig. 65. I-V curves of the champion devices fabricated via D-bar

coated PSM. [-V characteristics under reverse (RS) and forward (FS) scans for the
champion PSM fabricated on 5x5 cm? and 10x10 c¢m? substrates, where the HTL was
deposited by the D-bar coating method. The aperture areas are 22.08 cm? and 82.8 cm? for

the 5x5 cm? and 10x10 cm? substrates, respectively.
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Supplementary Fig. 66. Thermal stability of the perovskite solar cells and module. a,
Higher temperature stability of a small-area PSC (encapsulated by UV glue with top glass)
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under continuous 1-sun illumination at 45 °C. The Too lifetime is 491 hours. b, Thermal

stability comparison of PSM, control and target from the holistic strategy, tested at 45 °C.
The Tso lifetimes are 375 hours and 115 hours for the target and control devices,
respectively. ¢, Thermal stability of PSM under 65 °C with encapsulation. With T7s of 500
hours. d, Thermal stability of an encapsulated inorganic CsPbls-based PSM employing the

LODT-HTL, tested at 65 °C. The device exhibits a Tgo lifetime of 571 hours.
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Supplementary Fig. 67. Morphological evolution of the LiTFSI-spiro and LODT-HTL

films during thermal aging at 65 °C in air. a,b,c Surface morphology of the LiTFSI-spiro
film a, before, b, after 50 hours annealing and ¢, after 100 hours annealing in air at 65 °C.
The aged film exhibits notable aggregation. d,e,f, Surface morphology of the LODT-HTL
d, before, e, after 50 hours annealing and f, after 100 hours annealing in air at 65 °C,
showing no significant aggregation of films. Formation of pinholes on the fresh LiTFSI-

spiro films have been previously reported.l3!
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Supplementary Fig. 68. Thermogravimetric and Differential Thermal Analysis (TG-
DTA) of various materials. a-c, TG-DTA curves for the spiro-OMeTAD films doped with
a, LiTFSI + /BP, b, NH.TFSI + /BP, and ¢, OATFSI + BP. d, TG-DTA curve for the KTFSI
salt used as the perovskite additive.
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Supplementary Figure 69. Visual comparison of the long-term shelf-life stability of
perovskite solar cells. Protective functionality of the OATFSI co-doped spiro-HTL of a,
FAPbI3 and b, CsPbls perovskite devices stored for 1 year and 1 week in humid condition

(40-50% RH, 25 °C).
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Supplementary Table 1. Summary of the Fermi level (Er), HOMO (Enomo) level, and
energy difference (| ErF—Enomo |) (w.r.t. Evacuum = 0) for the spiro-HTL films doped
with various ATFSI salts.

Condition Er(sV) Eomo (eV) | Er-Enomo | (eV)
(w.r.t. Evacuum) (w.r.t. Evacuum)

spiro -3.91 -4.87 0.96

With NH4TFSI -4.83 -5.06 0.23
With MATEFSI -4.77 -4.99 0.22
With DMATEFSI -4.43 -4.67 0.24
With TMATFSI -3.88 -5.34 1.46
With TeMATEFSI -4.95 -6.45 1.50
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Supplementary Table 2. Summary of the Fermi level (Er), HOMO (Enomo) level, and
energy difference (| Er—Enomo |) (W.r.t. Evacuum = 0 €V) for the spiro-HTL films doped

with various /BP ratios in NH4TFSI doped LODT-HTL.

N Er(eV) Enomo (eV)
Condition | Er-Enomo | (eV)
(W.I'.t. Evacuum) (w.r.t. Evacuum)
0 rBP -4.83 -5.06 0.23
0.67 tBP -4.90 -5.17 0.27
1 tBP -4.62 -4.94 0.32
10 tBP -4.41 -4.79 0.38
50 tBP -4.41 -4.79 0.38
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Supplementary Table 3. Conductivity of the NH4TFSI-doped LODT-HTL films with
different /BP concentration. The measurements were conducted on the devices with the
structure of FTO/PEDOT:PSS/spiro-OMeTAD/Au. The thickness of the spiro-OMeTAD

film was 240 nm, and the electrode area was 0.09 cm?.

Filn Conductivity

(1073 S/cm)

spiro 2.384 x 10
0 /BP 1.879
0.67 tBP 2.270
1 /BP 2.674
10 rBP 3.447
50 tBP 4.679
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Supplementary Table 4. Sheet resistance (Rsq) of the NH4TFSI-doped LODT-HTL
films with different /BP concentration. The measurements were performed using the
four-point probe method on samples with an ITO/spiro-OMeTAD structure. The
thicknesses of the spiro-OMeTAD and ITO layers were 240 nm and 60 nm, respectively.

Film Rsq (Q/0)
ITO 11.947 £ 0.028970
0.67 tBP 10963 +22.021
1 (BP 10936 +22.630
10 /BP 10881 +4.8099
50 tBP 10822 +19.599
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Supplementary Table 5. Comparison of the XRD peak parameters for the pristine

and KTFSI-doped perovskite films corresponding to Pbl2 (001) and FAPbI3 (110). The

table summarizes the peak intensity, peak area, and FWHM values for the diffraction peaks

corresponding to the Pblz and the main perovskite phases.

Sample 2-Theta (degree) Area FWHM (degree)
12.643 34.5 0.354
Pristine perovskite
13.945 802.6 0.31
12.611 71.2 0.214
With KTFSI
13.957 2858.9 0.187
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Supplementary Table 6. Fitting parameters for the time-resolved photoluminescence
(TRPL) decay curves of different samples. The table lists the fast and slow components
(time constants, ti, and relative amplitudes, Ai, from the TRPL decay curves). A tri-
exponential function*t5! was used to fit the decays for perovskite films, while a bi-

exponential function was used for the perovskite/HTL.

Tav
Sample Al T1 (ns) Az 12 (ns) A3 13 (ns) ¢
(ns)
PVSK with KI 0.724 113 0.279 | 423 0.048 | 1601 | 659

PVSK with KTFSI 0.582 107 0.344 437 0.106 | 1317 | 727

PVSK-KI/Li-HTL 0.93 107 0.158 476 - - 266
PVSK-KTFSI/Li-HTL | 0.813 94 0.227 313 - - 200

PVSK-KTFSI
0.807 93 0.236 299 - - 193

/mix OATFSI-HTL
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Supplementary Table 7. XPS binding energy position of the Pb 4f and I 3d core levels

by different treatments for the pristine perovskite layer.

Binding Energy (eV)
Sample
Pb 4fs) Pb 4f7 13dsn2 13d5n
Pristine 140.2 135.2 619.6 631.06
w/ KTFSI 139.5 134.7 619.46 631
w/ OATFSI 139.6 134.7 619.52 631.01
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Supplementary Table 8. Statistical summary of the photovoltaic parameters for
devices with varying KTFSI additive concentrations. This table presents a statistical
analysis of the open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF),
and power conversion efficiency (PCE) based on at least 15 devices for each KTFSI

concentration. HTL: LiTFSI-spiro.

) Voc Jsc FF PCE
Concentration
V) (mA/cm?) (%) (%)
0 mg/mL 1.04+0.03 23.6+0.3 63.8+5.9 16.2+1.7
1 mg/mL 1.13+0.02 23.840.4 70.1+4.3 16.8%+1.5
3 mg/mL 1.16+0.01 23.940.3 80.5+1.1 19.9+1.3
5 mg/mL 1.14+0.01 23.840.4 76.7£1.2 17.9+1.3
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Supplementary Table 9. Photovoltaic parameters of the champion devices.

PCE
Champion N Voc Jsc FF PCE
Devices Condition | Scan V) | mavem) | @) %) Hindex
’ “ | (RS/FS)
RS 1.19 23.9 81.1 23
Target 1.009
FS 1.19 23.7 80.1 22.8
0.16 cm?PSC
RS 1.06 23.9 80.7 | 20.5
Control 1.454
FS 1.05 23.6 56.4 14.1
RS 9.36 2.84 77.8 | 20.6
Target 1.009
FS 9.36 2.83 77.0 | 204
25 cm?PSM
RS 8.84 2.75 71.7 17.4
Control 1.581
FS 8.83 2.81 44.0 11
RS 9.18 2.82 74.5 19.3
25 cm? PSM (D-bar coating) 1.021
FS 9.17 2.83 73.0 18.9
RS | 18.20 1.13 51.5 | 12.15
100 cm? PSM (D-bar coating) 1.038
FS | 17.73 1.17 50.6 11.7
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Supplementary Table 10. Summary of the statistical data of photovoltaic parameters

from PSC and PSM devices.

PCE
Voc Jsc FF PCE
Device | Condition | Scan Hindex
(V) (mA/cm?) (%) (%)
(RS/FS)
RS 1.18+0.01 23.6+0.8 79.74+2 .4 21.9+0.9
Target 1.017
PSC FS 1.18+0.01 23.63+0.8 79.742 .4 21.4+0.8
RS 1.07£0.02 23.440.7 73.9+4.9 18.8+1.0
Control 1.383
FS 1.07+0.04 23.4+0.6 52.9+6.2 13.6+1.5
RS | 9.06+0.44 2.81+0.1 72.6+4.2 18.6+1.5
Target 1.054
PSM FS 8.96+0.40 2.814+0.1 70.2+3.7 17.7+1.2
RS | 8.51+0.41 2.82+0.2 67.8+£3.0 16.8+0.7
Control 1.558
FS 8.48+0.59 2.81+0.2 45.6+2.9 10.84+0.5
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Supplementary Table 11. Summary of the recently reported high-performance

perovskite solar modules employing LiTFSI-free spiro-OMeTAD modifications. The

PCE loss is defined by the equation: PCE Loss=(PCEpsm—PCEpsc)/(Areapsm—Areapsc).

PSC efficiency | PSM efficiency PCE Loss PSM
Materials 5
(certification®) | (certification®) (%o/cm?) Deposition
24.85% * 20.71% Sequential
PI-TFSI -0.277
0.062 cm? 15.03 cm? deposition!®!
22.97% *
-0.0919
25.51% * 25 cm?
EC Anti-solvent!’]
0.080 cm 21.02% *
-0.0337
100 cm?
22.13%
-0.112
24.08% * 18 cm?
FcPFs Vacuum-flash!®!
0.547 cm? 20.27%
-0.0687
56 cm?
25.45% 20.35%
Eu(TFSI)2 -0.284 Vacuum-flash!®!
0.05 cm? 18 cm?
20.6%
-0.109 Sequential
23.0% 22.08 cm?
NH4TFSI deposition
0.16 cm? 20.95% *
-0.161 (This work)
12.83 cm?
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Supplementary Table 12. Effect of different additives on the hygroscopicity of solid

spiro-OMeTAD. The table summarizes the mass increase of solid spiro-OMeTAD

materials, doped with various additives, after 1 hour of exposure to ambient air at room

temperature. Relative humidity condition, RH 53%.

Condition:
RH 53%
23 °C

LiTFSI

NH4TFSI

MATFSI

DMATFSI

TriMATFSI

TeMATFSI

OATFSI

Initial

Weight (mg)

6.581

8.635

8.231

9.687

7.325

12.412

10.478

After 1 hour
(mg)

7.862

8.638

8.237

9.696

7.334

12.418

10.485

Differential

(mg)

1.281

0.003

0.006

0.009

0.009

0.006

0.007
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Supplementary Table 13. Photovoltaic parameters of the inorganic CsPbl3; PSM
fabricated with the LODT-HTL with an aperture area of 22.08 ¢cm? in reverse scan.

22.08 cm? Voc Jsc FF PCE
PSM Number ) (mA/cm?) (%) %)

1 9.78 2.31 81.9 18.4

2 9.43 2.49 78.5 18.4

3 8.64 2.34 24.0 4.8

LODT-HTL 4 9.74 2.32 79.3 17.9
PVSK: 5 9.62 2.33 79.0 17.7
CsPbls 6 9.72 2.31 79.4 17.9
7 9.65 2.29 80.2 17.8

8 9.73 2.39 79.9 18.6

9 9.77 2.37 80.3 18.6
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Supplementary Table 14. Summary of the recent studies on the use of ATFSI salts as
dopants for spiro-OMeTAD hole transport layers. The use of TMATFSI as a dopant has
not been previously reported to the best of our knowledge. LODT: Light oxidation doping

treatment.
ATFSI additive | LODT Composition of HTL Reference
6 mg MATFSI/36 puL rBP
MATFSI No (10]

91.4 mg spiro-OMeTAD

2% DMATFSI/9.1 mg LiTFSI/28.8 uL rBP

DMATFSI No _ (]
75 mg spiro-OMeTAD

TMATEFSI - - -
6.42 mg TeMATFSI/17 pL BP
TeMATFSI No (1]
43.4 mg spiro-OMeTAD
24 mM OAC1/24 mM LiTFSI
OATFSI No (13]

70 mM spiro-OMeTAD
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Supplementary Table 15. Cost assessment for the LODT-HTL strategy. The cost
analysis is based on publicly available prices for the precursor materials from major

commercial chemical suppliers (Tokyo Chemical Industry Co., and Sigma-Aldrich).

Material Amount Price (USD/mol)
spiro-OMeTAD 1 mol 199505
NH4TFSI 15% mol 283
OATFSI 1% mol 361
HTFSI 16% mol 281
NH4+OH 15% mol 2
OA 1%mol 80
tBP+THF 10% mol 1914

Total price: 2645 USD/mol or 2 USD/g (If all additives are 100% mol)
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Supplementary Note 1.

In the early stages, the understanding of H* induced doping involved the use of HTFSI as
additives in the process of spiro oxidation. For example, Snaith and co-workers!'*l were
the first to describe the doping mechanism of H" between the N atom on spiro and the N
atom on TFSI". Because of the strong acidity of HTFSI, [spiroH]*TFSI" cannot exist in the
solution. H" are easily reduced by spiro molecules, leaving 1/2 Hz and spiro®. Finally,
HTFSI are consumed by spiro to become TFSI™ anions and H2 escaping as gas. The
oxidized spiro” is stabilized by TFSI" in the end, leading to spiro-TFSI formation. This
process needs to be thermally activated. A different scenario exists such that the solution
contains free protons, but the concentration of H" is not as high as in the strong HTFSI
solution. For example, Zhu and co-workers!'3, verified that under weak acid conditions,
such as in H3PO4, HCI, H2SO4 and so on, the system cannot provide enough protons during
the doping process when reacting with spiro. The observed dark-brownish spiro solution
was explained to the H" acting as a connecting bridge between the N atom on spiro and the
N atom on TFSTI'". The new structure is similar to a hydrogen-bond formed in spiro solution.
This work is based on the previous studies showing that free protons can initially react with
spiro in an acid-based reaction. The source of protons plays a decisive role in determining
the stability of HTL. The choice of ATFSIs stems from the fact that the ammonium cation
serves as a reservoir of protons, while the dissociated amines can be removed through
volatilization or heating.!'% Once spiro binds with proton, the ammonium cation can no
longer release additional protons unless the amines are removed from the system or the
concentration of spiroHTFSI is reduced. Critically, because spiroHTFSI requires external
energy to abstract an electron from spiro-OMeTAD and then be oxidized, light irradiation
(as the energy source for excitation) becomes indispensable in this work. Furthermore, the
UV-Vis-NIR setup inside the glovebox confirmed that this light-induced oxidation strategy
of spiro does not require oxygen, water or tBP, underscoring the broader significance of
this work.["®! Meanwhile, this study provides light irradiation as a convenient and practical
approach for future investigations employing proton-containing ammonium cations as
dopants for spiro or other related triarylamine-based p-type materials as listed in

Supplementary Table 14.
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