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Experimental section

Materials

Formamidinium iodide (FAI, Greatcell Solar), n-butylammonium iodide (n-BAI, Greatcell 

Solar), Cesium iodide (CsI, 99.999 %, Alfa Aesar), lead(Ⅱ) iodide (PbI2, 99.99 %, Tokyo

Chemical Industry Co., Ltd.), tin(Ⅱ) fluoride (SnF2, 99 %, Sigma-Aldrich), Sn powder (99.8%, 

Sigma-Aldrich), iodine (I2, 99.8%, Sigma-Aldrich), and germanium iodide (GeI2, 99.8%, 

Sigma-Aldrich) were purchased and used as precursors for Sn-Pb binary perovskites. Ethane-

1,2-diammonium iodide (EDAI2, Greatcell Solar) was purchased and used as passivation of 

Sn-Pb perovskite film surface. Dimethylformamide (DMF, 99.5 %, Samchun Chemical) and 

dimethyl sulfoxide (DMSO, 99.8 %, Samchun Chemical), toluene (99.8 %, Samchun 

Chemical), 2-Propanol (IPA, Sigma-Aldrich), and chlorobenzene (CBZ, 99 % - GR grade, 

Wako) were used as solvents. Acetone ( ≥ 99 %, Samchun Chemical) and Isopropanol (IPA, ≥ 

99.5 %, Samchun Chemical) were used as cleaning solvents for Fluorine-doped tin oxide 

(FTO)-coated glasses. Poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS, 

PVP AI 4083) was sourced from CleviosTM (Germany). Phenyl-C61-butyric acid methyl ester 

(PC61BM, 99.5 %) was sourced from Organic Semiconductor Materials (OSM, Republic of 

Korea) and Bathocuproin (BCP, 98 %) was purchased from Alfa Aesar. Poly(3-

hexylthiophene-2,5-diyl) (P3HT, 4002-EE, Mw = ca. 60 K, RR = ~ 90 %) was purchased from 

Rieke Metals. Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O) were purchased from Sigma-Aldrich.



Al-NiOx nanocrystal (ANO NC) solution synthesis method

552.8 mg of nickel nitrate hexahydrate and 10 mg of aluminum nitrate nonahydrate was 

dissolved in 20 ml of deionized water. After fully dissolving them, sodium hydroxide was 

dropped into the solution until pH 10. The green murky solution was rinsed with deionized 

water by a centrifuge, and the rinsing was repeated 3 times. The rinsed solution was fully dried 

at 95 °C. Then, the dried green powder was annealed at 300 °C in the furnace, resulting in 

obtaining black powder which is aluminum doped nickel oxide. This powder was dispersed in 

3:1 ratio of deionized water and IPA with a concentration of 12.5 mg/ml.

Preparation of perovskite precursor solution

1. Preparation of SnI2 solution

SnI2 solution was prepared from Sn + I2 with 0.8 M concentration. First, 0.8M I2 was dissolved 

in DMSO 0.2 mL and stirred for 1 hour. After the stirring, DMF 0.8 mL was added to the I2 

solution dissolved in DMSO and stirred for 10 min. Next, Sn powder of 0.8 M was added to 

the I2 solution and stirred for overnight. Then, the SnI2 solution suitable for the stoichiometric 

ratio of 1.6 M MA-free Sn-Pb perovskite was completely prepared.

2. Preparation of 1.6 M MA-free Sn-Pb perovskite solution

A BA0.02(FA0.83Cs0.17)0.98Sn0.5Pb0.5I3 precursor was prepared from n-BAI, FAI, CsI, PbI2, with 

1.6 M concentration (the stoichiometric ratio of n-BAI:FAI:CsI:PbI2 is 0.83:0.17:0.5:0.5), 

excess SnF2 of 0.08 M, Sn powder of 0.056 M, and SnI2 solution. GeI2 of 0.04 M is added for 

with GeI2 Sn-Pb perovskite. After the preparation of n-BAI, FAI, CsI, PbI2, SnF2, Sn powder, 

and GeI2, the filtered SnI2 solution of 1.042 mL was added to the prepared bottle. The MA-free 

Sn-Pb perovskite solution was completely prepared after stirring for 2 hours. 



Fabrication of MA-free Sn- Pb Perovskite Solar Cells (PSCs) and hole-only devices

FTO-coated glasses (Asahi) were sequentially cleaned with acetone, and IPA in the ultrasonic 

bath for 20 min, respectively. After cleaning, the glass substrates were dried in the dry oven at 

95 °C to evaporate residual solvents. The cleaned substrates were then subjected to a UV 

treatment for 30 min. PEDOT:PSS was spin-coated onto the FTO substrates at 6000 rpm for 

30 s in ambient conditions and annealed at 150 °C for 20 min on a hotplate as a hole transport 

layer (HTL) (thickness is ca. 20~30 nm). ANO NC of 50 μL was spin-coated FTO substrates 

at 1000 rpm for 1 s and 3000 rpm for 30s in ambient condition and annealed at 150 °C for 20 

min on a hotplate as an inorganic hole transport layer (HTL) (thickness is ca. 10~20 nm). Then, 

the HTL-coated substrates were transferred to N2-filled glove box. The perovskite precursor 

solutions with or without GeI2 were spin-coated at 5000 rpm for total of 35 s (acceleration time: 

5 s) in the N2-filled glove box. A 300 μL of toluene was applied dropwise in the center of the 

substrate at 12~13 s during the spin coating. The perovskite-coated substrate was annealed at 

65 °C for 1 min and sequentially annealed at 100 °C for 10 min (thickness is ca. 600 nm). For 

the passivation of the perovskite surface, the EDAI2 with 0.5 mg/mL dissolved in IPA was 

spin-coated with a dynamic coating at 5000 rpm for 30 s and annealed at 100 °C for 5 min to 

remove residual solvent. For an electron transport layer, a PC61BM solution with 20 mg/mL 

dissolved in CBZ was spin-coated onto the perovskite film at 1500 rpm for 35 s and annealed 

at 75 °C for 10 min. A BCP solution (0.5 mg/mL dissolved in IPA) was spin-coated at 4000 

rpm for 20 s without any post-annealing treatment. The silver (Ag) top electrodes (ca. 180 nm) 

were thermally evaporated under a high vacuum condition (< 2 × 10−6 Torr) with a shadow 

mask (the size of each solar cell device is 4 mm2).

The hole-only devices for space-charge limited current (SCLC) were fabricated with a structure 

of FTO/PEDOT:PSS or ANO/perovskite/P3HT/Ag. All fabrication processes were followed 



in the same manner with the PSCs except for a P3HT layer. A P3HT solution dissolved in CBZ 

(10 mg/mL) was spin-coated onto the perovskite film at 3000 rpm for 30s and annealed at 100 

°C for 5 min.

Characterization

The optical absorption spectra were characterized using ultraviolet-visible (UV–Vis) 

spectroscopy (UV-2700, Shimadzu). Before scanning the perovskite samples, a baseline 

correction was conducted with a scan range of 300 nm – 1100 nm. The measurement conditions 

are 100 nm/min for the scan speed and 1 nm for the interval step size. The steady-state 

photoluminescence (PL) spectra were measured using a spectrofluorometer (Fluorolog3 with 

TCSPC, HORIBA SCIENTIFIC) with a laser excitation wavelength at 463 nm. A crystal 

structure of the perovskite films was evaluated by X-ray diffraction (XRD, D8-Advance, 

Bruker-AXS). A diffracted beam monochromator was equipped in the X-ray diffractometer 

(Cu Kα radiation, λ = 1.541 Å). All the XRD data were recorded in the two-theta range from 

10° to 40° with a 1° min-1 scanning rate at RT. The surface morphologies and cross-sectional 

images were investigated by field emission scanning electron microscopy (FE-SEM; 

AURIGA, Carl Zeiss). The roughness of the perovskite films was observed by atomic force 

microscopy (AFM, NX10 Complete AFM, Park Systems). X-ray photoelectron spectroscopy 

(XPS) measurement was performed with a K-alpha system (Thermo Fisher Scientific) using a 

monochromatic Al Kα irradiation (1486.6 eV). Ultraviolet photoelectron spectroscopy (UPS) 

measurement was performed using an XPS-Theta Probe (Thermo Fisher Scientific) with Al Kα 

radiation (1486.6 eV). The steady-state fluorescence spectra were recorded using a Hitachi F-

7000 fluorescence spectrophotometer. fs-TAS and decays were recorded using a homemade 

TA spectrometer combined with a femtosecond Ti:sapphire regenerative amplifier system 

(Hurricane, Spectra Physics). A pump pulse at 400 nm with a power density of 3 µJ/cm2 was 



produced using an optical parametric amplifier (IR-OPA, Spectra Physics) and a neutral density 

filter, while a broadband white-light continuum probe pulse was generated by focusing a small 

portion of the 800 nm amplifier output into a sapphire window. TA signals in respective optical 

delays of pump and probe pulses were collected using an optical fiber coupled with 

multichannel spectrometers from Ocean Insight (Ocean FX). The contact angle measurement 

was conducted by pendant drop tensiometer (DSA100, KRUSS).

Device testing

All device characterizations were carried out in ambient conditions (RT and relative humidity 

(RH) of 25 – 30 %). Current-voltage (J-V) curves of the perovskite solar cells were measured 

using a solar simulator (PEC-L01, Peccell Technologies) under standard AM 1.5 illumination 

(power, 100 mW/cm2). The maximum power point tracking (MPPT) was measured under 100 

mW/cm2 illumination using LED solar simulator (Newport, LSH-7320). The light intensity was 

calibrated with a silicon photodiode detector (BS-500BK, BUNKOUKEIKI CO., LTD.). Each 

device was measured with a scan rate of 100 mV/s-1 using a Keithley 2400 source meter. The 

external quantum efficiency (EQE) spectra were characterized using a CompactStat instrument 

(Ivium Technologies; Eindhoven, Netherlands) comprised of a power source (Abet 

Technologies 150 W xenon lamp, 13014) and a monochromator (DongWoo Opteron, 

MonoRa500i). The system was calibrated with the same photodiode detector for the solar 

simulator. Space-charge limited current (SCLC) measurement was performed using a Keithley 

2400 source meter. The scan range of the voltage was 0 V - 5 V and the measurement was 

conducted in a dark condition. 



Fig. S1 The cross-sectional images for MA-free Sn-Pb perovskite devices with PEDOT:PSS 

(PD) and ANO NC HTLs observed by focused ion beam(FIB)-scanning electron 

microscope(SEM). Scale bar: 200 nm.



Fig. S2 PCE distribution of the MA-free Sn-Pb PSCs fabricated with various HTLs except 

PEDOT:PSS reported to date, including our work.1-10















Fig. S3 The certified PCE and EQE spectrum details for the champion device.



Fig. S4 Steady-state photocurrents for the perovskite solar cells with the suggested conditions 

for 600 s at the maximum power point.



Fig. S5 Transmittance of PEDOT:PSS and ANO NC films.

Fig. S6 Absorption spectra of the Sn-Pb perovskite films without or with GeI2 on PEDOT:PSS 

or ANO HTLs.



Fig. S7 Photographs of FTO/HTL/perovskite films with PD/no GeI2, ANO/no GeI2, PD/with 

GeI2, ANO/with GeI2 conditions.



Table S1. Photovoltaic performance parameters of the PD/no GeI2 Sn-Pb PSCs under AM 1.5 

illustration (100 mW/cm2) measured in the air (RT, RH: 30-40%)

PD/no GeI2

# Voc (V) Jsc 
(mA/cm2) FF (%) PCE (%)

1 0.83 31.08 67.61 17.47 
2 0.85 31.29 71.82 19.04 
3 0.86 31.33 73.17 19.61 
4 0.86 31.35 73.72 19.84 
5 0.86 31.33 74.09 19.95 
6 0.86 31.26 74.34 20.04 
7 0.86 31.25 74.70 20.15 
8 0.85 30.78 72.36 18.85 
9 0.86 31.19 74.20 19.99 
10 0.86 31.63 72.12 19.57 
11 0.85 31.39 74.54 19.86 
12 0.85 31.40 74.57 19.93 
13 0.85 31.41 74.22 19.88 
14 0.82 31.36 70.20 18.05 
15 0.82 30.68 70.36 17.76 
16 0.83 30.68 71.15 18.05 
17 0.83 30.68 70.98 18.01 
18 0.82 30.64 71.20 17.91 
19 0.83 31.30 74.23 19.39 
20 0.84 31.19 75.78 19.89 
21 0.84 31.20 74.63 19.51 
22 0.84 31.15 74.28 19.35 
23 0.83 31.13 73.18 18.81 
24 0.83 30.01 72.59 18.12 
25 0.84 30.02 73.25 18.49 
26 0.84 29.93 73.40 18.45 
27 0.84 29.96 73.52 18.59 
28 0.84 29.85 73.55 18.51 
29 0.85 29.99 73.78 18.73 
30 0.85 29.89 73.95 18.71 

Average 0.84±0.013 30.88±0.57 73.05±1.73 19.02±0.81



Table S2. Photovoltaic performance parameters of the ANO/no GeI2 Sn-Pb PSCs under AM 

1.5 illustration (100 mW/cm2) measured in the air (RT, RH: 30-40%)

ANO/no GeI2

# Voc (V) Jsc 
(mA/cm2) FF (%) PCE (%)

1 0.85 32.50 70.39 19.38 
2 0.85 32.68 63.06 17.56 
3 0.84 32.45 67.14 18.36 
4 0.83 33.40 69.85 19.38 
5 0.84 31.90 72.18 19.39 
6 0.85 31.73 72.78 19.52 
7 0.82 32.43 69.15 18.41 
8 0.83 31.83 71.25 18.86 
9 0.83 32.00 72.29 19.23 
10 0.81 33.28 72.31 19.38 
11 0.82 32.68 70.79 18.96 
12 0.82 32.53 70.96 18.89 
13 0.82 32.29 71.15 18.81 
14 0.82 32.14 70.89 18.63 
15 0.82 33.04 70.42 19.09 
16 0.82 32.86 70.56 19.01 
17 0.80 32.64 67.79 17.67 
18 0.82 32.32 68.34 18.10 
19 0.82 32.40 69.06 18.45 
20 0.84 33.86 62.61 17.77 
21 0.85 32.62 69.80 19.43 
22 0.85 31.58 67.16 18.03 
23 0.85 32.68 66.81 18.56 
24 0.85 32.77 68.50 19.12 
25 0.84 32.28 72.10 19.50 
26 0.83 32.09 71.81 19.18 
27 0.83 33.09 68.24 18.64 
28 0.84 32.31 69.67 18.81 
29 0.83 33.10 69.19 18.95 
30 0.84 32.65 68.61 18.77 

Average 0.83±0.014 32.54±0.51 69.50±2.46 18.79±0.55



Table S3. Photovoltaic performance parameters of the PD/with GeI2 PSCs under AM 1.5 

illustration (100 mW/cm2) measured in the air (RT, RH: 30-40%)

PD/with GeI
2

#
Voc (V) Jsc 

(mA/cm2) FF (%) PCE (%)

1 0.75 29.86 65.61 14.63 
2 0.74 30.39 61.33 13.82 
3 0.76 30.47 66.77 15.41 
4 0.76 30.36 66.33 15.21 
5 0.77 29.53 60.38 13.75 
6 0.75 31.49 61.56 14.55 
7 0.76 31.19 63.37 14.97 
8 0.78 30.75 65.53 15.69 
9 0.78 30.28 65.89 15.63 
10 0.79 26.16 60.48 12.48 
11 0.79 25.79 60.43 12.24 
12 0.76 26.89 58.57 11.92 
13 0.74 30.78 58.03 13.21 
14 0.74 31.00 64.67 14.81 
15 0.73 30.82 64.52 14.60 
16 0.72 28.96 56.92 11.92 
17 0.74 30.30 63.29 14.19 
18 0.73 30.13 60.29 13.28 
19 0.74 30.14 61.98 13.85 
20 0.77 30.88 62.60 14.82 
21 0.76 30.65 61.83 14.35 
23 0.74 30.39 61.33 13.82 
24 0.73 30.94 60.23 13.61 
25 0.73 30.96 59.19 13.43 
26 0.76 30.29 59.09 13.57 
27 0.76 31.27 63.36 15.02 
28 0.76 30.93 61.72 14.43 
29 0.72 31.25 60.72 13.68 
30 0.78 29.95 61.35 14.34 

Average 0.75±0.019 30.11±1.41 61.96±2.55 14.04±1.02



Table S4. Photovoltaic performance parameters of the ANO/with GeI2 PSCs under AM 1.5 

illustration (100 mW/cm2) measured in the air (RT, RH: 30-40%)

ANO/with GeI
2

#
V

oc
 (V) Jsc 

(mA/cm2) FF (%) PCE (%)

1 0.88 33.65 77.91 23.08 
2 0.88 33.54 77.69 22.93 
3 0.87 33.66 77.37 22.71 
4 0.87 33.16 79.51 22.83 
5 0.87 33.29 79.64 22.99 
6 0.87 33.20 79.58 22.88 
7 0.88 32.64 78.97 22.59 
8 0.86 33.59 79.89 23.16 
9 0.85 33.71 79.23 22.78 
10 0.86 33.57 79.01 22.91 
11 0.87 33.56 79.23 23.00 
12 0.87 33.56 79.34 23.04 
13 0.87 33.58 79.57 23.17 
14 0.87 32.91 80.89 23.06 
15 0.86 32.91 80.25 22.84 
16 0.86 32.90 79.87 22.67 
17 0.87 33.62 78.53 23.02 
18 0.87 32.97 78.87 22.68 
19 0.87 33.46 77.82 22.58 
20 0.87 33.88 79.46 23.34 
21 0.87 33.42 78.41 22.74 
22 0.87 33.63 79.40 23.30 
23 0.87 33.57 78.71 23.05 
24 0.86 33.75 79.62 23.00 
25 0.85 33.68 79.48 22.87 
26 0.86 33.21 79.24 22.63 
27 0.87 32.93 78.65 22.51 
28 0.87 33.46 77.82 22.58 
29 0.85 33.71 79.23 22.78 
30 0.85 33.75 79.18 22.81 

Average 0.87±0.007 33.41±0.32 79.08±0.79 22.88±0.22



Fig. S8 J-V curves (forward and reverse scans) of the PSCs with the suggested conditions 

(PD/no GeI2, ANO/no GeI2, PD/with GeI2, and ANO/with GeI2)



Fig. S9 J-V curve of ANO/with GeI2 PSC with the highest Voc

Fig. S10 J-V curve of ANO/with GeI2 PSC with the highest fill factor



Fig. S11 The dark J-V characterization of the perovskite devices.

 



Fig. S12 Plots of ln(α) versus hν to extract the Urbach energy (Eu) of the Sn-Pb perovskite 

films. Eu can be determined using the relation α = α0exp(E/Eu), where α is the absorption 

coefficient and E (= hν) is the photon energy.

Fig. S13 The distribution of elements for FTO/PEDOT:PSS (PD) or ANO/with GeI2 perovskite 

films.



Fig. S14 Full XPS spectra of raw data for Ge 3d (GeO: 31.7 eV and GeO2: 32.8 eV) of PD/with 

GeI2 Sn-Pb perovskite film.

Fig. S15 Full XPS spectra of raw data for Ge 3d (GeO: 31.7 eV and GeO2: 32.8 eV) of 

ANO/with GeI2 Sn-Pb perovskite film.



Fig. S16 Full XPS spectra of raw data for of O 1s (GeO: 530.8 eV and GeO2: 532.4 eV) of 

PD/with GeI2 Sn-Pb perovskite film.

Fig. S17 Full XPS spectra of raw data for of O 1s (GeO: 530.8 eV and GeO2: 532.4 eV) of 

ANO/with GeI2 Sn-Pb perovskite film.



Fig. S18 Magnified Ge 3d XPS spectra for top surface of PD/with GeI2 and ANO/with GeI2 

Sn-Pb perovskite films. 

Fig. S19 Contact angles for PEDOT:PSS (PD) and ANO HTLs with DI water and diiodo-

methane solvents.



Fig. S20 Ge 3d and O 1s distribution for GeOx of PEDOT:PSS (PD)/GeI2 coating/perovskite 

and ANO/GeI2 coating/perovskite films.

Fig. S21 Performance of the devices for PEDOT:PSS (PD)/GeI2 coating/perovskite and 

ANO/GeI2 (GeOx) coating/perovskite conditions.

Table S5. Photovoltaic parameters of the devices for PD/GeI2 coating/perovskite and 

ANO/GeI2 coating/perovskite conditions

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

PD/GeI2 coating/perovskite 0.73 31.94 62.19 14.44

ANO/GeI2 coating/perovskite 0.86 33.33 75.48 21.52



Fig. S22 Ni 2p XPS spectra of bottom surface for no GeI2 Sn-Pb perovskite film on ANO.

Fig. S23 Sn 3d XPS spectra for top surface of PD/no GeI2, ANO/no GeI2, and PD/with GeI2 

Sn-Pb perovskite films.



Fig. S24 Sn 3d XPS spectra for bulk of PD/no GeI2, ANO/no GeI2, and PD/with GeI2 Sn-Pb 

perovskite films.

Fig. S25 FE-SEM morphology images of perovskite films of (a) PD/no GeI2, (b) ANO/no GeI2, 

(c) PD/with GeI2, and (d) ANO/with GeI2.  Scale bar: 100 nm.



Fig. S26 AFM 3D images showing the surface roughness of PD/with GeI2 and ANO/with GeI2 
films.

Fig. S27 XRD patterns for the Sn-Pb perovskite films with suggested conditions (PD/no GeI2, 

ANO/no GeI2, PD/with GeI2, and ANO/with GeI2). * Marks are FTO peaks.



Fig. S28 The magnified XPD patterns for main perovskite peaks of PD/no GeI2, ANO/no GeI2, 

PD/with GeI2 and ANO/with GeI2.

Fig. S29 FWHM values (left axis) and calculated crystalline sizes (right axis) from the (100) 

lattice plane.



Fig. S30 Change of strain component (Cε) of perovskite films fabricated on different HTLs 

(PD and ANO) and without or with GeI2 additive. Williamson-Hall plots to determine the strain 

component (Cε) in the Sn-Pb perovskite films with PD/no GeI2, ANO/no GeI2, PD/with GeI2, 

and ANO/with GeI2 conditions.



Fig. S31 UPS spectra of secondary electron cutoff and valence band of GeI2-coated ANO films 

without etching and with etching.



Fig. S32 UPS spectra of secondary electron cutoff and valence band of control no GeI2 

perovskite and with GeI2 perovskite films.



Fig. S33 Tauc plots of the perovskite films with PD/no GeI2, ANO/no GeI2, PD/with GeI2, and 

ANO/with GeI2 conditions. The bandgap of MA-free Sn-Pb perovskite is 1.25 eV.

Fig. S34 Energy band diagram of the fabricated MA-free Sn-Pb PSCs.



Fig. S35 Steady-state photoluminescence (SS-PL) spectra of bare glass/perovskite films of no 

GeI2 and with GeI2 conditions.

Table S6. TR-PL decay obtained after fitting for bare glass/perovskite films with no GeI2 and 

with GeI2 shown in Fig. S35.

τ
1 
(ns) τ

2 
(ns) τ

avg 
(ns)

no GeI2 136.31 605.89 341.18

with GeI2 147.87 764.92 482.13



Fig. S36 Time-resolved photoluminescence (TR-PL) spectra of bare glass/perovskite films 

with no GeI2 and with GeI2.

Table S7. TR-PL decay obtained after fitting for PD/no GeI2, ANO/no GeI2, PD/with GeI2, 

and ANO/with GeI2 perovskite films shown in Fig. S36.

τ
1 
(ns) τ

2 
(ns) τ

avg 
(ns)

PD/no GeI2 14.06 344.91 39.04

ANO/no GeI2 17.92 424.18 51.37

PD/with GeI2 38.41 326.34 115.01

ANO/with GeI2 10.23 346.80 16.32



Fig. S37 PL analysis for back side (glass side) of glass/PEDOT:PSS (PD) or ANO/control 

perovskite no GeI2 (a) SS-PL spectra of glass/control perovskite no GeI2, glass/PD/control 

perovskite no GeI2 and glass/ANO/control perovskite no GeI2. (b) TR-PL spectra of 

glass/control perovskite no GeI2, glass/PD/control perovskite no GeI2 and glass/ANO/control 

perovskite no GeI2 with 12 ns time window. (c) TR-PL spectra of glass/control perovskite no 

GeI2, glass/PD/control perovskite no GeI2 and glass/ANO/control perovskite no GeI2 with 1000 

ns time window.

Table S8. TR-PL decay obtained after fitting for back side of glass/PD or ANO/no GeI2 

perovskite films with 12 ns and 1000 ns time windows in Fig. S37

Fitted time constants (ns)

τ1 τ2 τ3

Control perovskite (no GeI2) 3.0 (40%) 400 (60%)

PD/no GeI2 1.7 (59%) 3.0 (34%) 400 (7%)

ANO/no GeI2 2.1 (47%) 3.5 (44%) 400 (9%)



Fig. S38 PL analysis for back side (glass side) of glass/PEDOT:PSS (PD) or ANO/target 

perovskite with GeI2 (a) SS-PL spectra of glass/target perovskite with GeI2, glass/PD/target 

perovskite with GeI2 and glass/ANO/target perovskite with GeI2. (b) TR-PL spectra of 

glass/target perovskite with GeI2, glass/PD/target perovskite with GeI2 and glass/ANO/target 

perovskite with GeI2 with 12 ns time window. (c) TR-PL spectra of glass/target perovskite with 

GeI2, glass/PD/target perovskite with GeI2 and glass/ANO/target perovskite with GeI2 with 

1000 ns time window.

Table S9. TR-PL decay obtained after fitting for back side of glass/PD or ANO/with GeI2 

perovskite films with 12 ns and 1000 ns time windows in Fig. S38

Fitted time constants (ns)

τ1 τ2 τ3

Target perovskite (with 

GeI2)

4.0 (37%) 400 (63%)

PD/with GeI2 1.4 (52%) 4.0 (10%) 400 (38%)

ANO/with GeI2 1.2 (76%) 400 (24%)



Fig. S39 PL analysis for front side (perovskite side) of glass/PEDOT:PSS (PD) or ANO/control 

perovskite no GeI2 (a) SS-PL spectra of glass/control perovskite no GeI2, glass/PD/control 

perovskite no GeI2 and glass/ANO/control perovskite no GeI2. (b) TR-PL spectra of 

glass/control perovskite no GeI2, glass/PD/control perovskite no GeI2 and glass/ANO/control 

perovskite no GeI2 with 12 ns time window. (c) TR-PL spectra of glass/control perovskite no 

GeI2, glass/PD/control perovskite no GeI2 and glass/ANO/control perovskite no GeI2 with 1000 

ns time window.

Table S10. TR-PL decay obtained after fitting for front side of glass/PD or ANO/no GeI2 

perovskite films with 12 ns and 1000 ns time windows in Fig. S39

Fitted decay times (ns)

τ1 τ2 τ3

Control perovskite (no GeI2) 3.0 (37%) 400 (63%)

PD/no GeI2 0.9 (70%) 3.0 (4%) 400 (26%)

ANO/no GeI2 1.2 (64%) 3.5 (11%) 400 (25%)



Fig. S40 PL analysis for front side (perovskite side) of glass/PEDOT:PSS (PD) or ANO/target 

perovskite with GeI2 (a) SS-PL spectra of glass/target perovskite with GeI2, glass/PD/target 

perovskite with GeI2 and glass/ANO/target perovskite with GeI2. (b) TR-PL spectra of 

glass/target perovskite with GeI2, glass/PD/target perovskite with GeI2 and glass/ANO/target 

perovskite with GeI2 with 12 ns time window. (c) TR-PL spectra of glass/target perovskite with 

GeI2, glass/PD/target perovskite with GeI2 and glass/ANO/target perovskite with GeI2 with 

1000 ns time window.

Table S11. TR-PL decay obtained after fitting for front side of glass/PD or ANO/with GeI2 

perovskite films with 12 ns and 1000 ns time windows in Fig. S40

Fitted decay times (ns)

τ1 τ2 τ3

Target perovskite (with GeI2) 4.0 (34%) 400 (66%)

PD/with GeI2 1.5 (60%) 4.0 (10%) 400 (30%)

ANO/with GeI2 0.8 (73%) 4.0 (5%) 400 (22%)



Fig. S41 Femtosecond-TAS spectra ΔOD as a function of wavelength at selected delay times 

using a photoexcitation wavelength of 400 nm and a pump fluence of 3 µJ/cm2.



Fig. S42. Time-dependent XRD patterns of PD/no GeI2 perovskite film.  

Fig. S43. Time-dependent XRD patterns of ANO/no GeI2 perovskite film.  



Fig. S44. Time-dependent absorption spectra of PD/no GeI2, ANO/no GeI2, PD/with GeI2, and 

ANO/with GeI2 fabricated on FTO.

Fig. S45. Long-term stability of the MA-free Sn-Pb PSCs of ANO/with GeI2 condition with 

encapsulation.



Fig. S46 The normalized light-thermal stability of the MA-included and MA-free Sn-Pb 

perovskite solar cells under 55 ℃ and 100 mW/cm2 illumination of LED simulator.

Fig. S47 Photographs of MA-containing Sn-Pb PSC and MA-free Sn-Pb PSC with initial and 
after 120 hours
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