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1. Methods
Materials

N,N-dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
299.9%), anisole (anhydrous, 99.7%), acetone (ACS reagent), isopropyl alcohol (IPA, ACS
gradient), tin(ll) iodide (AnhydroBeads, —10 mesh, 99.99%) , tin(ll) fluoride (SnF2- 99%) and MACI
(for synthesis) were purchased from Sigma-Aldrich. Pbl> (99.99%, for Perovskite precursor) was
purchased from TCI. All chemicals were used without any further purification. Microscope slides
(Thermo Scientific) were used as substrates for XPS and optical characterization and ITO-coated
glass (youxuan) for solar cell fabrication. Silicon substartes were used for SEM and EDX
characterization. All substrates were cleaned in diluted Hellmanex lll, deionized water, acetone
and isopropyl alcohol (IPA) for 10 min by sonication before deposition. The cleaned glass

substrates were treated with oxygen plasma for 10 min before any further deposition. Thin-film
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perovskite deposition was performed in a nitrogen-filled glovebox. Thin films used for
photoluminescence (PL) measurements and solar cells were glass-encapsulated with a
Masterbond UV-curable adhesive (LED401), which cures within 10 seconds under UV light
exposure. This process was conducted in the glovebox to prevent oxygen exposure. The sealing
ensures the material's stability for at least one month. However, for this work, all characterizations

were carried out within one week after fabrication for all batches.

Sn-Pb control thin films: to make Sn-Pb based (FAo.85Cs0.15Pbo.sSno.sl3) perovskite thin-films, the
precursor solution (concentration of 1.2 M) was prepared by dissolving FAI, Csl, and Snl; in a
mixture of DMF and DMSO solvents (volume ratio of 4:1). The molar ratio for FAI/Csl was
0.85:0.15 and the molar ratio of (FAI+Csl)/Snl2 was 1:1. 10 mol% (relative to Snl2) of SnF2. was
added within the precursor solution. The precursor solution was stirred at room temperature for
30 min. The perovskite films were deposited with one-step spin-coating procedure at 1000 r.p.m.
for 10 sec, followed by 4000 r.p.m. for 50 s. After 17 seconds from the beginning of the spin
coating, a N2 stream centred onto the rotating substrate was flowed until the end of the spinning

procedure. The substrates were annealed at 120°C for 20 min.

Sn-Pb thin films with MACI: To make MACI-tretaed Sn-Pb based (FAo.s5Cs0.15PbosSnosls3)
perovskite thin-films, the precursor solution (concentration of 1.2 M) was prepared by dissolving
FAI, Csl, and Snlz in DMF together with different quantities of MACI. The same spinning procedure

of the control films and post annealing were performed.

Sn-Pb based solar cells: The patterned ITO substrates (2.8x2.8cm?) were washed in Hellmanex
2% deionised water (DI) solution, DI water, acetone, and ethanol for 10 minutes sequentially.
After that, the well-dried ITO substrates were treated in a UV plasma cleaner for 10 min. The
cleaned ITO substrates are immediately transferred to N> filled glovebox. The devices used for
MPPT stability tests consisted in PEDOT/perovskite/C60/BCP/Ag. The PEDOT precursor solution
was prepared by diluting PEDOT (HTL3 from Clevios) with anhydrous toluene (1:4 v:v). The
PEDOT solution was spin coated onto ITO substrates at 500 rpm for 3 seconds and 4000 rpm for
30 s, and then baked on a hotplate at 150 °C for 10 min. After annealing, the ITO/PEDOT
substrates were allowed to cool down to room temperature naturally. Subsequently, a thin layer
of Al203 was deposited on top of PEDOT. Al203 nanoparticles dispersion (Sigma-Aldrich) was
diluted with IPA and spin-coated onto ITO/PEDOT substrates at 4500 rpom for 30 sec and
annealed for 3 minutes at 100°C. The perovskite solution was prepared as detailed above (with
and without MACI) and spun at 1000 rpm for 10 seconds and 4000 rpm for 40 seconds. After 17

seconds from the beginning of the spin coating, a N2 stream centred onto the rotating substrate
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was flowed until the end of the spinning procedure. The substrates were annealed at 120°C for
20 min. The film was annealed at 120 °C for 20 minutes. As electron selective contact, C60 (30
nm) and BCP (3 nm) were subsequently evaporated at a 10-6 mbar vacuum level with a
deposition rate between 0.1 and 0.3 A s-1 Finally, 100 nm of Ag was evaporated at a 10-6 mbar
vacuum level with a deposition rate between of 0.1 up to 10 nm and 0.1-1 A s-1 up to 100 nm.
The devices were glass encapsulated in the glovebox before taking them out to be tested. The
devices showed in Figure 4a-4b are based on 1.8 M FA07MAo.3PbosSnosls. For control device,
the precursor solution was prepared by mixing 1.26 M FAI, 0.54 M MAI, 0.9 M Pblz, 0.9 M Snly,
0.045 M SnF2, and 5 mg Sn powder in co-solvent DMSO/DMF (1 mL, 1:3 volume ratio). The
perovskite layer was deposited by spin-coating above precursor solution with two-step spin-
coating procedures: 1000 rpm for 10s and 4000 rpm for 40 s. Chlorobenzene (400 pl) as
antisolvent was rapidly dripped onto the spinning substrate over an interval of 1 s during the
second spin-coating step at 10 s before the end of the procedure, then annealing at 100°C for 10
min. For target device, the precursor solution was mixing 1.26 M FAI, 0.54 M MAI, 0.9 M Pbl2, 0.9
M Snlz, 0.045 M SnF2, 5 mg Sn powder and 45 mol% MACI in 1 mL DMF. The perovskite solution
was spun at 1000 rpm for 10 seconds and 4000 rpm for 40 seconds. After 17 seconds from the
beginning of the spin coating, a N2 stream centred onto the rotating substrate was flowed until the
end of the spinning procedure. The fabricated substrates were subsequently transferred to a
vacuum chamber where 25 nm C60 (deposition rate of 0.01 nm-s-1), 5 nm BCP (deposition rate
of 0.01 nm-s-1) and 80 nm Au electrode were consecutively deposited by thermal evaporation on

the above substrate to the devices.
Characterization

Both the sample preparation and mounting for XPS took place in a No-filled glovebox, ensuring
an oxygen concentration below 3 ppm. Subsequently, the samples were directly transferred into
the XPS chamber using a transfer chamber, ensuring that the thin films have never been exposed
to air prior to XPS analysis. Instead, spectroscopy measurements have been performed on

encapsulated samples.

X-ray photoelectron spectroscopy (XPS): XPS was carried out on a Kratos Axis UltraPtP
spectrometer. Thanks to their high conductivity, around 10 S/cm, films deposited on glass did not
experience sample charging issues during XPS measurements. Additionally, the surface of the
sample was contacted with the holder through copper tape. Wide scans were acquired at a pass
energy of 160 eV, with an energy step of 1 eV, over a (300 x 700) yum? area. High-resolution

spectra were acquired at a pass energy of 10eV and energy step of 0.1 eV, over the same
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analysis area. All the spectra were obtained using a monochromatic Al Ka source (15 kV, 20 mA).
XPS data were analyzed using CasaXPS (version 2.3.24)' To account for possible charging
effects, the C 1s peak due to the C-N bonds in formamidinium was used as internal reference for
the binding energy scale, and its position was set to 288.3 eV, in agreement with literature
reports.2 UPS was carried out on the same spectrometer, using a He | (21.22 eV) discharge lamp,
on an area of 55 pym in diameter, at a pass energy of 10 eV and with a dwell time of 100 ms. The
work function (that is, the position of the Fermi level with respect to the vacuum level) was
measured from the threshold energy for the emission of secondary electrons during He |
excitation. A —9.0 V bias was applied to the sample to precisely determine the low-kinetic-energy
cutoff, as discussed in ref3. The position of the cutoff was then estimated with CasaXPS software,
using the “Edge Up” background function for the energy interval around the cutoff. Then, the
position of the VBM versus the vacuum level was estimated by measuring its distance from the
Fermi level, focusing on the high-kinetic energy (i.e., low-binding energy) cutoff region and using

the “Edge Down” background function in CasaXPS software.

FESEM-EDX: FESEM-EDX images were obtained using a ZEISS SUPRA 40 Field Emission
Scanning Electron Microscope (FESEM) equipped with an Oxford INCA Energy Dispersive X-ray
(EDX) detector. An accelerating voltage of 5kV has been used for imaging, while an acceleration
voltage of 18 kV has been selected for EDX spectra acquisition. A standardless microanalysis
that provides quantitative compositional data by evaluating the X-ray spectrum using fundamental
physical formulas and general atomic databases was used. Perovskite films were prepared on
both ITO and Si substrates. Similar morphology were obtained.

FESEM images showed in the S| were obtained using a MIRA3 TESCAN microscope with an

accelerating voltage of 5 kV. Perovskite films were prepared on ITO substrates.

UV-Vis Absorption: absorption spectra were measured on perovskite thin films deposited on glass
using a UV/VIS/NIR spectrophotometer Lambda 1050, PerkinElmer, in the wavelength range
350-1100 nm, with step size of 1 nm.

X-ray Diffraction: XRD patterns were recorded with a Bruker D8 Advance diffractometer with
Bragg—Brentano geometry equipped with a Cu Kai (A = 1.54056 A) anode, operating at 40 kV
and 40 mA. All the diffraction patterns were collected at room temperature, with a step size of

0.05 degrees in symmetric scan reflection mode and a dwell time of 1 s. XRD patterns were



recorder on thin films in an inert environment by means of a Bruker airtight specimen holder with

dome like x-ray transparent cap, for environmentally sensitive materials.

lodine expulsion experiment: Two equal cuts of the same perovskite sample are placed in two
vials filled with hexane (4 ml). One vial is placed under 100 mW/cm? illumination with illumination
ranging from 0 to 2 sun equivalent using 496 LED emitters with low mismatch 390-700 nm (Arkeo
Cicci Research) for 100 hours, while the other is kept in dark. We estimate the concentration of I»
released by the sample into the solvent by measuring the absorption spectrum of the hexane
taken from the vials. The presence of |2 generates additional features between 400-600 nm in the
hexane absorption spectrum. All the displayed spectra are the result of the difference between
the absorption spectra of the hexane taken from the vials after the experiment and pristine

hexane.

Voltage-Current measurements: The current density - voltage (J-V) characteristics of the solar
cells were measured with a computer-controlled Keithley 2420 source meter in ambient air on
devices previously glass encapsulated in the glovebox. The simulated Air Mass 1.5 Global (AM
1.5G) irradiance was provided with a class AAA Newport solar simulator. The light intensity was
calibrated with a silicon reference cell (KG5 window) with a spectral mismatch factor of 0.99. The
active area of the complete device was determined by an illumination-shadowing mask which is
0.0935 cm?. Sn-based cells were tested by scanning between -0.1 and 1 V with a scan rate of 0.1
V/s.

Nuclear Magnetic Resonance: "H NMR spectra were collected on a 80 MHz Spinsolve (Magritek)
benchtop spectrometer. Each spectrum was acquired using 32 scans, an acquisition time of 3.2

s, a repetition time of 30 s and a 90° pulse angle, with *C decoupling.

Computational details

All the DFT calculations have been carried out with Quantum Espresso 6.3 package.* We started
by optimizing the 2x2x2 supercell for the FAo.75Cs0.25Pbls and FAo.75Cs0.25Pbo.sSnosls phases.
Lattice parameters were optimized from experimental values, obtaining values of a = 8.773 A, b
=9.103 A, 12.760 A for Pb-based and a =8.762 A, b =9.039 A, 12.660 A for mixed Pb-Sn phase.
DFT calculations were performed using norm-conserving pseudopotentials from the PseudoDojo
repository,® explicitly including the following atomic shells: Pb (4s, 4p, 4d, 5s, 5p), | (5s, 5p), Br
(4s, 4p), Nand C (2s, 2p), H (1s), Yb (5s, 5p, 5d, 6s). The calculations used a wavefunction cutoff
of 60 Ry and Brillouin zone sampling at the Gamma point. To further improve the accuracy of the

predictions, we also performed single-point hybrid PBEO (a = 0.25)° calculations on top of the
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PBE-D3 optimized structures. The calculations used a wavefunction cutoff of 60 Ry and 120 Ry
on the Fock operator and Brillouin zone sampling at the Gamma point. Defect formation energies
(DFE) and the thermodynamic transition levels (TTL) have been calculated by using the following

equations:

DFE (X9) =E(XY) -E(perf) - Z nu; +q(Ef+V) + E9(corr) (1)

i(C]/Q'): DFE(Dq,E|:=O)I-DFE(Dq',E|:=O) + Egorr"Eglorr

q-9 q-q @)

where E(XY) is the energy of the supercell containing defect X, E(perf) is the energy of the non-
defective system, n and yu are, respectively, the number and the chemical potentials of the species
added or subtracted to the non-defective system to form a defect; q is the charge of the defect.
Long-range electrostatic interactions E%.r have been corrected through the Makov-Payne
scheme by using the ionic dielectric permittivity of MAPDbI3 (¢€=24). The chemical potentials of the
atomic species were set to simulate realistic growth conditions under thermodynamic stability
constraints of the perovskite phases. For the full Pb-based system, we considered two regimes:
Pb-rich and Pb-poor conditions. In the Pb-rich limit, the chemical potential of lead was fixed to
that of bulk metallic lead, p(Pb) = y(Pbouk) = 0.00 eV, while the chemical potential of iodine was
derived from the stability of Pbl2 as p(l) = (u(Pbl2) — u(Pbbuk)) / 2. In the Pb-poor case, iodine was
set to its elemental limit, u(l) = p(I,Solid)/2 = 0.00 eV, and the lead chemical potential was
determined accordingly as y(Pb) = p(Pbl2) — 2u(l). For the mixed Pb—Sn system, the chemical
potentials were similarly chosen to ensure phase stability, taking into account the presence of
both Pb and Sn halide compounds. Under Pb/Sn-rich conditions, the chemical potentials of Sn
were set u(Sn) = p(Snwuk) = 0.00 eV, for the iodine was derived from the stability of the Snl2 and
Snl4 phases: u(l) = (u(Snl4) — P(Snl2)) / 2, finally for the lead, we calculated the chemical potential
as u(Pb) = (u(Pbl2) — p(1)*2). In the Pb/Sn-poor regime, the iodine potential was again set to its
upper bound, and the Pb and Sn potentials were chosen to maintain the stability of the mixed Pb—
Sn perovskite phase as for the full lead system. Finally, to study the protective role of CI- ions
against O2 we simulate the interaction of an O molecule with the pristine and Cl-doped
FAo.75Cs0.25Pbo.5sSno.sls perovskite at the PbosSnosl-terminated, we use a 5-layer slab of the 2x2

in-plane supercell obtained from the previous optimizations.



2. Supporting Figures
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Fig. S 1. Top view SEM images of mixed SnPb halide perovskite thin films processed with and
without DMSO and different quantities of MACI as additive. Scale bar is 1 um. Adding 15 mol%

of MACI improves surface coverage but results in pinholes. Compact, uniform films are obtained
only at MACI concentrations above 30 mol%.

Beyond grain size, MACI addition leads to the formation of surface segregations, visible as bright
spots in SEM images (Figure 1 and Figure S1). Through EDX analysis, we identify these as Csl-

rich phases (Figure S3-S4). Such segregation is consistent with literature reports on Cs instability
and its tendency to phase separate. °
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Fig. S 2. a-b. Energy dispersive X-ray spectroscopy (EDX) elemental map of lodine of Sn-Pb
halide perovskite films prepared with 45mol% MACI. Higher concentration of | are observed
where brighter spots appear in the SEM top-view image. ¢c. EDX sum spectra of the map
showed in panel a.
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Fig. S 3. Line scan EDX analysis demonstrating the variation of each element across one of the
brighter spots observed on top view SEM image of a Sn-Pb halide perovskite film processed
with 45mol% of MACI. a. spot 1: Green - lodine, Cyan - Cesium, Yellow - Tin, Orange -
Chlorine, Purple - Nitrogen, Pink - Fluorine, Blue - Carbon, Light blue - Lead). b: spot 2: Pink -
lodine, Blue - Cesium, Red - Tin, Green - Chlorine, Yellow — Lead. The most abundant elements
are Cs and |, supporting the formation of segregated Csl-rich phases.
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Fig. S 4. SEM cross sections of mixed Sn-Pb halide perovskite thin films processed with and
without DMSO and different quantities of MACI within the precursor solution. Scale bar is 1 um.
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Fig. S 5. UV-Vis spectra of Sn-Pb halide perovskite thin films with and without DMSO and
different quantities of MACI. The film containing 60 mol% MACI appears more transparent than
the others, likely due to a high excess of organic cations within the material.
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Fig. S 6. First derivative of the absorption spectrum of mixed Sn-Pb halide perovskite thin films
processed with DMSO and without DMSO and 45 mol% MACI. The position of the peak maxima
have been extracted through fitting.
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Fig. S 7. XRD patterns of mixed Sn-Pb halide perovskite thin films with and without DMSO and

different quantities of MACI.
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Fig.S 8. Maximum Height, centroid and FWHM of the (100) peak of mixed Sn-Pb halide
perovskite thin films processed with and without DMSO and different quantities of MACI.
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Fig. S 9. Magnified view of the normalized (100) peak in the XRD patterns of mixed Sn-Pb
halide perovskite thin films processed with and without DMSO and different quantities of MACI.

Table S 1. Atomic concentrations of the main species in DMSO-containing and DMSO-free w
MACI thin films derived from the XPS wide scan showed in Figure 2a.

DMSO - Control | 45% MACI

(0] 18.15 15.14

C 46.58 40.39

N 4.81 9.51
Cs 0.17 0.57
Pb 2.24 3.54
Sn 15.3 11.44

F 0.63 1.48

| 12.13 11.82
Ci 0 6.11

Table S 2. XPS fitting parameters: peak position, FWHM and relative concentration of the
components corresponding to the decomposition of Sn 3ds2, Cl 2p, N 1s, O 1s, C 1s core levels
of the control DMSO-containing perovskite film and the DMSO-free perovskite treated with

MACI.

Control DMSO-containing DMSO-free, 45 mol% MACI
perovskite perovskite
Name Position (0.2 | FWH | %At Position | FWHM | %At Conc
eV) M Conc
N 1s C=NHz>" 400.44 | 0.92 100 400.44 0.96 90.48
C-NH: 401.84 0.96 9.52

12




CPS (a.u.)

18

15

Binding Energy (eV)

2

1

Binding Energy (eV)

EF=g~======="

T

OH 531.09 | 1.25 14.39 531.07 1.25 18.61
0=C 53212 | 1.25 35.73 532.1 1.25 42.13
O1s |o-c 533.14 | 1.25 5.09 533.12 1.25 8.22
Sn0Oz; O-
Sn-Cl 530.51 | 1.17 44.8 530.69 1.02 31.04
c-C 284.81 | 1.11 75.17 284.81 1.15 67.58
C=NH2+ 288.3 | 1.11 10.51 288.3 1.15 16.41
C1s | 0-c=0 289.51 | 1.11 3.94 289.51 1.15 3.78
C-0;C-N 286.66 | 1.11 3.72 286.66 1.15 5.76
c-C-0 285.85 | 1.11 6.67 285.93 1.15 6.46
sn(ll) 486.42 | 0.85 21.35 486.36 0.89 16.83
Sn Surface
3ds2 | Sn- 486.83 | 1.33 78.65 487.06 1.30 83.17
phase
T EVAC
—DMSO
—45% MACI
5.1eV 4.7 eV

Fig. S 10. Valence band edge position with respect to the Fermi level (corresponding to the zero
of the binding energy — BE — scale) obtained from UPS spectra and calibrated with the XPS
measurement of the valence band for the control DMSO-containing film (red) and DMSO-free
MACI treated thin film (light blue); Energy level diagram obtained from UPS fitting. The energy
bandgap has been obtained by UVVis (see figure S6). Dashed lines indicate the position of the
Fermi level.
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Fig. S 11. "H NMR spectra of DMF, Snlz in DMF, Snlz in DMF:DMSO and Snl>+MACI in DMF.
the spectra were aligned using the formyl proton (H(A)) of DMF at 8.03 ppm. In the presence of
Snlz, the N-methyl protons (H(C)) of DMF shifts slightly upfield, indicating coordination between
DMF and Snl2. Upon addition of DMSO, the H(C) signal of DMF does not shift, while the N-
methyl protons (H(B)) signal shifts downfield. When DMSO is replaced by MACI, the N-methyl
protons (H(B)) signal shifts even more strongly, further increasing the separation between the
two methyl peaks of DMF (A(D)).
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Fig. S 12. UV-Vis absorption spectra of Snlz in DMF, Snlz in DMF:DMSO and Snl>+MACI in
DMF , diluted in acetonitrile to avoid saturation of the detector. Both DMF and DMF:DMSO
systems exhibit the presence of Sn** species, clearly showing typical Snls peaks at about 350
nm and 290 nm." The addition of MACI considerably suppresses the presence of Sn** in
solution, suggesting that MA*/CI- already interacts with Snl in solution.
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Fig. S 13. Atomic quantification of a. control DMSO-containing film and b. DMSO-free MACI
treated thin film before and after oxidation induced by ambient atmosphere exposure for 2 days.
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Fig. S 14. UV-Vis spectroscopy of the hexane solution where the control DMSO-containing
sample and MACI-treated sample have been immersed in for 100 hours in the dark.
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Fig. S 15. Box plots of the short circuit current, open circuit voltage, fill factor and power
conversion efficiency of the control DMSO-containing perovskite solar cells and devices
fabricated without DMSO and with 45mol% MACI.
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Fig. S 16. JV curves of representative as-deposited control DMSO and MACI-containing cells
used for the MPP stability test.
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Fig. S 17. MPPT stability tests of control and MACI-treated devices. Solar cells have been aged
at 25°C, in ambient atmosphere, without encapsulation under continuous MMPT and simulated
1 sun illumination.
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