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Abstract 
Tin fluoride (SnF2) is an indispensable additive for high-efficiency Pb-Sn perovskite solar cells 
(PSCs). However, the spatial distribution of SnF2 in the perovskite absorber is seldom investigated 
while essential for a comprehensive understanding of the exact role of the SnF2 additive. Herein, 
we revealed the spatial distribution of SnF2 additive and made structure-optoelectronic properties-
flexible photovoltaic performance correlation. We observed the chemical transformation of SnF2 
to a fluorinated oxy-phase on the Pb-Sn perovskite film surface, due to its rapid oxidation. In 
addition, at the buried perovskite interface, we detected and visualized the accumulation of F- ions. 
We found that the photoluminescence quantum yield of Pb-Sn perovskite reached the highest value 
with 10 mol% SnF2 in the precursor solution. When integrating the optimized absorber in flexible 
devices, we obtained the flexible Pb-Sn perovskite narrow bandgap (1.24 eV) solar cells with an 
efficiency of 18.5% and demonstrated 23.1%-efficient flexible 4-terminal all-perovskite tandem 
cells. 
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Introduction 
Solar cells based on perovskites with a general formula ABX3 (A = methylammonium (MA+), 
formamidinium (FA+), and Cs+; B = Pb2+, Sn2+; X = Cl-, Br-, and I-) have shown rapid performance 
advancement, now reaching a certified power conversion efficiency (PCE) of 25.7%.1 Further 
improvement in the efficiency of single junction perovskite solar cells (PSCs) will be restricted by 
the Shockley-Queisser limit.2 Stacking two perovskite absorbers with complementary bandgaps in 
all-perovskite tandem solar cells (TSCs) holds great promise to go beyond the Shockley-Queisser 
efficiency limit of single-junction PSCs.3-5 
 
Flexible all-perovskite TSC is an emerging field of research owing to its flexible and lightweight 
attributes, making them attractive for wearable electronics, avionics, building- and mobility- 
integrated photovoltaics.6,7 In addition, the low-temperature solution processability of perovskites 
makes it viable for high throughput roll-to-roll (R2R) manufacturing, with the potential to 
substantially reduce the production cost and CO2 footprint. Despite that, little progress has been 
made in this field, with only two publications reporting PCE of 21.3% and 24.4% for two-terminal 
(2T) flexible all-perovskite TSCs.8,9 These values are well below the highest reported values for 
their rigid counterparts on 2-terminal (2T, 28.0%) and four-terminal (4T, 25.4%) tandem 
configuration, respectively.10,11 So far there is no report on 4T all-perovskite tandem cells based 
on flexible substrates. Flexible foils pose several obstacles due to low thermal tolerance, high 
roughness, and poor wettability. Apart from that, it has proven difficult to grow homogenous 
narrow bandgap Pb-Sn perovskite films on flexible substrates owing to their fast 
crystallization.12,13 Sn vacancy defect formation and its detrimental consequences in Pb-Sn 
perovskites are cause for concern, which becomes more severe when the concentration of Sn 
exceeds 50 mol% in the metal site.14-18 

 
Tin fluoride (SnF2) is an indispensable additive in the Pb-Sn perovskite precursor solution to 
suppress the oxidation of Sn2+ ions. In particular, F- ions in SnF2 have a strong coordinating ability 
due to their hard Lewis base nature to suppress Sn vacancy formation.19 Previously, various groups 
have added different amounts of SnF2 (5 mol% - 30 mol% relative to SnI2) to fabricate Pb-Sn 
PSCs, but there is no consensus as to the optimal amount of SnF2 needed, nor was the spatial 
distribution comprehensively investigated.20-23 Furthermore, there are several competing 
explanations detailing the effects of SnF2 as an additive on the crystal structure and local chemical 
environment in Pb-Sn perovskites. For instance, Zhao et al. proposed that SnF2 fills the Sn 
vacancies and expands the perovskite lattice, which subsequently shifts the XRD peaks to a lower 
angle.24 On the contrary, Herz and co-workers observed a lattice shrinkage and associated XRD 
peak shift to higher 2θ upon increasing the SnF2 concentration; which was attributed to the Sn 
doping in the perovskite lattice.25 The aforementioned reports imply that the spatial location or 
distribution of SnF2 in the Pb-Sn perovskite film is not yet fully understood. In-depth 
understanding of the role of SnF2 on the phase-composition, microstructure, and optoelectronic 
properties of Pb-Sn perovskite thin films as well as its spatial distribution require further 
investigation to improve the efficiency and stability of Pb-Sn PSCs. 



 
 
In this work, we varied the SnF2 concentration added to the (FASnI3)0.6(MAPbI3)0.4 perovskite 
precursor to systematically investigate its effects on the film morphology, crystal structure, 
optoelectronic properties, and flexible solar cell device performance. We unraveled that SnF2 
addition modulates the perovskite grain topography and suppresses the defect formation via a p-
type self-doping mechanism. SnF2 segregates both at the hole transport layer/perovskite and 
electron transport layer/perovskite interfaces. We observe the formation of fluorinated tin dioxide 
at the top surface of the (FASnI3)0.6(MAPbI3)0.4 films. Although SnF2 improved the optoelectronic 
quality of the Pb-Sn absorber, beyond a threshold of 10% further addition of SnF2 impairs the 
device performance through a lowering of the FF and VOC.  As a result of the optimized SnF2 
supplementation, we achieved flexible narrow bandgap PSC with a champion efficiency of 18.5%.  
Furthermore, we demonstrated over 23% flexible 4-terminal all perovskite tandem solar cell 
combining a 1.24 eV Pb-Sn bottom subcell and a 1.78 eV perovskite top cell.  
 
Results and Discussion 
(FASnI3)0.6(MAPbI3)0.4 perovskite thin films with different mol% of SnF2 additive in the precursor 
solution were deposited using an anti-solvent assisted method as described in the experimental 
section. The scanning electron microscopy (SEM) images of perovskite films deposited on 
PEN/ITO/PEDOT:PSS substrate showed smooth morphology up to 2.5mol% SnF2 (Figures 1a 
and b), while a further increase in concentration resulted in surface texture. For samples with 
5mol% SnF2, terraces-like structures start to appear as shown in the SEM (Figure 1c) and atomic 
force microscopy (AFM) images (Figure S1). These films exhibited a high root mean square 
roughness (Rq) value of 36.7 compared to control samples without SnF2 (Rq = 29.6). 
 

 



Figure 1. a) – e) SEM surface morphology of Pb-Sn perovskite films with different mol% of SnF2 
additive. f) XRD patterns of the perovskite films with various amounts of SnF2. 
 
Thin films with 10mol% and 15mol% SnF2 content exhibited "white spots" in the SEM images 
(Figures 1d and e). We believe that the textured features on the perovskite grain surfaces might 
have originated from the modulated colloidal property of the perovskite precursor solution. This 
could be ascribed to the [SnIx]2-x adduct formation as a result of SnF2 complexation with Sn4+ ions 
as reported previously.19  

To understand the role of SnF2 on the crystal structure of the Pb-Sn perovskite, the XRD patterns 
of the perovskite films with various amounts of SnF2 were analyzed. Preferential orientation of 
Pb-Sn perovskite crystallites along the (110) and (220) lattice planes was observed (Figure 1f). 
The perovskite films retained a similar crystallinity up to 15mol% SnF2 addition as indicated by 
their similar diffraction peak intensity. The XRD peaks of Pb-Sn perovskite films supplemented 
with SnF2 shifted to a higher angle relative to the control film without SnF2. This peak shift could 
be attributed to the reduced lattice distortion and structural disorder due to suppressed Sn2+ 
oxidation after SnF2 supplementation.25 

 
Figure 2. a) Scanning electron microscopy (SEM) image and energy dispersive X-ray (EDX) 
elemental analysis of (FASnI3)0.6(MAPbI3)0.4 thin film with 10mol% SnF2. The chemical 
composition in the area of white aggregate (green rectangular box) is shown in the table. b) ToF-
SIMS depth profiles of (FASnI3)0.6(MAPbI3)0.4 perovskite thin films with different concentrations 
of SnF2. c) Cross-sectional scanning transmission electron microscopy high-angle annular dark-
field (STEM HAADF) image with the corresponding EDX mapping and (d) EDX line profiles for 
the flexible Pb-Sn perovskite solar cell. Arrows indicate the fluoride-rich regions at the top and 
bottom interfaces of perovskite with transport layers.  



To investigate the composition of the white spots observed in the SEM images, we performed an 
EDX analysis and identified the presence of fluorine, which hinted at the presence of SnF2 (Figure 
2 a). Even though it is important to understand the distribution of SnF2 in the perovskite film to 
explicitly unravel the role of SnF2 additive, so far only a little research attention was paid in this 
direction. To shed light on this missing knowledge, we performed the time-of-flight secondary ion 
mass spectrometry (ToF-SIMS) depth profiling measurements on perovskite/glass layer stacks. 
The marker F- secondary ion signal representing SnF2 was detected throughout the film, with a 
higher signal strength both at the top and bottom interfaces of the perovskite absorber, irrespective 
of the concentration. At low concentrations of SnF2 (2.5 mol% and 5 mol%), F- ions appear to 
preferentially segregate at the buried perovskite/HTL interface. At higher SnF2 supplementation, 
the top surface of the perovskite layers has shown F- ion signal intensity on par with the bottom 
interface (Figure 2 b). Generally, the summed F- ion signal throughout the layer increases with an 
increase in the amount of SnF2 in the perovskite precursor solution. To further visualize the spatial 
distribution of SnF2, we conducted cross-sectional EDX mapping using HAADF-STEM. The EDX 
mapping of full device stacks with 10mol% SnF2 confirms the accumulation of SnF2 both at the 
perovskite/HTL and perovskite/ETL interfaces (Figure 2 c). 

 
Figure 3. XPS core level spectra of Sn3d3/2 and O1s of SnO2 as well as the Pb-Sn perovskite films 
with varied amounts of SnF2 additive.  

X-ray photoelectron spectroscopy (XPS) was performed to study in detail the composition of the 
surfaces after the addition of different amounts of SnF2 and to analyze the element oxidation states. 
The Sn3d3/2 signal is shown on the left side of Figure 3. Fitting this feature is rather challenging 
since Sn can show up at different binding energies. Possible chemical environments are intact 
perovskite (Sn+2), degraded Sn+4 phases, intact SnF2 domains, or even new species, as will be 



revealed below. The rigorous fitting procedure is detailed in the Supporting Information and the 
resulting features are indicated in Figure 3. For the perovskite film without SnF2 additive, a clear 
signal originating from Sn+4 is seen as marked by the red peak at higher binding energy, in addition 
to the perovskite-related signal (grey). Once SnF2 is added, another rather intense Sn signal 
appears, marked in blue, with binding energy in between the ones observed for Sn+2 and Sn+4. This 
additional peak makes overlaps with the Sn4+ signal, reducing the ability to quantify the latter. 
Even though the fits are less robust, our analysis indicates that the amount of Sn+4 is likely 
negligible in the SnF2-containing samples.   

Also, the F1s core level signal was analyzed upon adding SnF2 to the perovskite precursor solution, 
which confirms the presence of fluorine on the surface of the perovskite layer (Figure S2). To 
determine whether the fluorine is still bound to Sn, we analyzed also a pure SnF2 film which is 
included in Figure S2. Notably, the binding energy difference between F1s and Sn3d3/2 signals in 
pure SnF2 (ΔE=188.67 eV) does not match the one observed for F1s and the newly emerged blue 
Sn feature (ΔE=189.29 eV). This suggests the formation of a new chemical species. A second 
indication that the additional Sn is not (exclusively) bound to fluorine comes from the analysis of 
the relative concertation of the elements which is SnFx (x = 0.2 – 0.5), meaning that there is a 
severe lack of F signal.   

Interestingly, SnF2 supplementation resulted in the appearance of an oxygen O1s signal at lower 
binding energy with high intensity compared to the reference sample without SnF2, see Figure 3 
on the right. From these observations, we hypothesized the new species formed to be fluorinated 
SnO2 because SnF2 on the exposed perovskite surface can be readily oxidized in presence of 
oxygen and hence serve as an oxygen scavenger to hinder the degradation of the absorber. To 
further confirm this, we compared the binding energy difference (ΔE) of Sn (3d3/2) and O (1s) 
signals from a pure SnO2 sample (Figure 3 top) with that in the Pb-Sn perovskite films. The 
Sn3d3/2 vs.O1s core level difference in this SnO2 sample is ΔE = 35.28 eV, which matches with 
the ones observed in the perovskite absorbers (ΔE = 35.31 ± 0.03 eV) validating the formation of 
fluorinated SnO2 on the surface of the perovskite layer. This implies that F- anions are chemically 
bonded to Sn in the perovskite films and hence SnF2 is serving as a sacrificial oxygen scavenger 
to prevent the oxidation of Sn2+ to Sn4+ in the perovskite film. From the fitted XPS data of the 
perovskite films with different concentrations of SnF2 (Table S1), we estimated the composition 
of the newly formed inorganic species as SnOyFx (x = 0.2 – 0.5, y = 0.9 - 1.7).  

The effect of the SnF2 additive on the optoelectronic quality of Pb-Sn perovskites supplemented 
with different amounts of SnF2 was examined using photoluminescence quantum yield (PLQY) 
measurements (Figure  4a). Since the charge extraction layers are known to introduce additional 
nonradiative recombination, glass/PEDOT:PSS/(FASnI3)0.6(MAPbI3)0.4/C60 stacks were used for 
the PLQY measurements to ensure a reliable correlation with the actual device performance. The 
PLQY values showed an increasing trend up to 10 mol% SnF2 addition and then decreased at 
higher SnF2 concentration (15 mol%). This trend could be attributed to the improved suppression 
of Sn oxidation up to 10 mol% SnF2 addition in the precursor solution, and then roughly stagnates. 
This is in line with a reduction of nonradiative bulk recombination due to reduced oxidation during 
and after crystallization. Therefore, the optimal concentration of SnF2 additive to minimize the 
non-radiative recombination in (FASnI3)0.6(MAPbI3)0.4 based PSC devices would be 10 mol%. To 



further confirm this, we have also conducted time-resolved photoluminescence analysis of Pb-Sn 
perovskite films with different amounts of SnF2 additive (Figure S3). The average carrier lifetime 
showed an increasing trend up to 10 mol% SnF2 addition implying the improved optoelectronic 
quality of the absorber. However, at a higher (15 mol%) SnF2 concentration, the average carrier 
lifetime is slightly reduced due to increased non-radiative recombination (Table S2). In line with 
the above observations, ultraviolet photoelectron spectroscopy (UPS) analysis showed a notable 
suppression of states close to the Fermi level when SnF2 was introduced into the perovskite films; 
these are likely related to gap states tailing into the band gap (Figure S4). This could be attributed 
to the reduction of detrimental p-type self-doping in Pb-Sn perovskite films supplemented with 
SnF2. However, the valence band onset relative to the Fermi-energy level remains unaltered after 
adding various amounts of SnF2 indicating less pronounced surface band bending (Figure S4). 

  



Figure 4. a)  Photoluminescence quantum yield of the perovskite absorber with different amounts 
of SnF2 additive sandwiched between the charge extraction layers (HTL and ETL). The box chart 
shows the variation in Pb-Sn PSC parameters such as b) VOC, c) JSC, d) FF, and e) PCE with 
different mol% of SnF2 additive. f) and g) are  J-V and EQE plots of the champion flexible NBG 
device. 

To verify the hypothesis of SnF2-mediated defect healing and to investigate the role of SnF2 on 
PV performance, we have fabricated Pb-Sn (NBG) PSCs on flexible substrates. The J-V 
parameters of the flexible NBG PSCs fabricated with different SnF2 additive concentrations are 
summarized in Figure 4b-e and Table S3. The box plot shows a clear trend of open-circuit voltage 
(VOC) improvement upon increasing the amount of SnF2 up to 10 mol% reaching a maximum 
average value of 810 mV.  For higher SnF2 concentrations (15 mol%), the average value of VOC is 
slightly decreased (Figure 4b). The average value of fill factor (FF) increased up to 10mol% SnF2 
supplementation, implying an improved intimate contact between perovskite and charge selective 
contacts (Figure 4d). This could be attributed to the fused perovskite grains with blurred grain 
boundaries upon introducing the SnF2 additive as observed in the SEM images (Figure 1). The 
drop in the average value of FF above 10 mol% SnF2 might be due to the excess SnF2 aggregation 
at the front and rear interfaces of the perovskite absorber and subsequent defect states formation.24, 

27 The VOC of (FASnI3)0.6(MAPbI3)0.4 based devices showed a similar trend (Figure 4e) as that of 
the PLQY data, implying that the SnF2 additive improves the optoelectronic quality of the 
absorber, but also the whole stack. As a result, the flexible NBG PSC with 10 mol% SnF2 exhibited 
the optimal performance with a champion efficiency of 18.5%, corresponding to a VOC of 0.819 V, 
a JSC of 28.7 mA cm-2, and FF of 78.7% (Figure 4f). The device delivered a steady-state efficiency 
of 18.2% during maximum power point tracking (Figure S5). The device exhibited negligible 
hysteresis during the forward and reverse scans (Figure S6). The integrated JSC value of 28.5 mA 
cm-2 obtained from the EQE spectrum (Figure 4g) is in good agreement with the JSC value 
determined from the J-V measurement.  
To verify the potential of our flexible Pb-Sn PSCs in the application of all-perovskite TSCs, we 
mechanically stacked the champion flexible Pb-Sn PSC with the flexible wide bandgap PSC 
developed in our lab and demonstrate a 4T flexible all-perovskite TSC as shown in Figure 5a. The 
best performing flexible 4T all-perovskite TSC fabricated using a 1.24 eV Pb-Sn bottom subcell 
and a 1.78 eV Cs0.12FA0.8MA0.08PbI1.8Br1.2 top subcell delivered a PCE of 23.1% (Figure 5b). The 
wide bandgap perovskite solar cell has a VOC of 1.26 V, a JSC of 15.36 mA cm-2, and a FF of 78.4%. 
The filtered narrow bandgap perovskite bottom subcell delivered a VOC of 0.79 V, a JSC of 12.9 
mA cm-2, and a FF of 78.1%.  The integrated JSC values obtained from EQE spectra for the WBG 
top cell and NBG bottom cell are 15.46 and 12.45 mA cm-2, respectively (Figure 5c). To the best 
of our knowledge, this is the first report of flexible Pb-Sn NBG (1.24 eV) single junction and 
flexible 4T all-perovskite TSCs (Figure 5d).8,9,26  
 



 
Figure 5. a) Schematic of a flexible 4T all-perovskite TSC. b) and c) are J-V and EQE 
characteristics of individual subcells in the 4T tandem configuration. d) Plot of reported flexible 
single junction PSCs efficiencies versus bandgap. The inset graph shows the reported flexible all-
perovskite TSC efficiencies. Red asterisks represent the PCE values of our devices presented in 
this work.    

Conclusion 
In conclusion, we unraveled that the addition of SnF2 to the precursor ink induces a textured 
morphology in the Pb-Sn perovskite films, and the F- ions from SnF2 segregate both at the top and 
bottom interfaces of the perovskite layer. Employing STEM, we have visualized the presence of 
F- ions islands at the perovskite/HTL and perovskite/ETL interfaces. We observed that the SnF2 
present on the exposed perovskite surface is easily oxidized resulting in the formation of 
SnO1.2F(0.2-0.5). Although SnF2 doesn’t have any noticeable impact on the perovskite crystal 
structure, electronic defects at the valence band edge states are reduced, reducing recombination 
and hence allowing an increase in the quasi Femi-level splitting of the absorber. Excess SnF2 does 
not further improve the VOC of the NBG PSCs, but results in a mildly reduced fill factor and 
performance. By carefully optimizing the concentration of SnF2, we achieved a flexible NBG 
single-junction PSC efficiency of up to 18.5% and a 4-T tandem efficiency of 23.1%. Our 
comprehensive experimental investigation including surface and depth elemental profiling 
techniques in combination with the device performance evaluation unveiled the multiple unknown 
roles of SnF2 additive and a new fluorinated tin oxide (SnO1.2F(0.2-0.5)) based interface formation in 
Pb-Sn PSCs.   



Experimental Section 
Materials 
All materials were used without further purification. Formamidinium iodide (>99.99%,  GreatCell 
Solar), methylammonium iodide (>99.99%,  GreatCell Solar), PbI2 (99.999%, Alfa Aesar), SnI2 
(99.99%, Sigma-Aldrich), Pb(SCN)2 (99.5%, Sigma-Aldrich), SnF2 (99%, Sigma-Aldrich), 
Dimethylformamide (DMF, 99.8% anhydrous, Sigma-Aldrich), Dimethyl sulfoxide (DMSO, 
99.9% anhydrous, Sigma-Aldrich), Ethyl acetate (99.8% anhydrous, Sigma-Aldrich), PEDOT:PSS 
(CLEVIOS P VP AI 4083). C60 and BCP were purchased from Xi’an Polymer Light Technology.   
(FASnI3)0.6(MAPbI3)0.4 precursor solution preparation 
The FASnI3 precursor solution was prepared by dissolving 372 mg of SnI2 and 172 mg of FAI in 
mixed DMF (424 µL) and DMSO (212 µL) solvents. Different mol% of SnF2 (0%, 2.5%, 5%, 
10%, and 15%) were added to the FASnI3 precursor solution with respect to the SnI2 molar 
concentration. The MAPbI3 precursor solution was prepared by dissolving 461 mg PbI2 and 159 
mg MAI with 3.5 mol% Pb(SCN)2 in 630 µL DMF and 70 µL DMSO. The two solutions were 
heated and dissolved at 65℃ for two hours. Then stoichiometric amounts of FASnI3 and MAPbI3 
perovskite precursors were mixed to obtain 1.5M (FASnI3)0.6(MAPbI3)0.4 precursor solution with 
different SnF2 concentrations. 
Device fabrication 
The pre-patterned PEN/ITO substrates (12 Ω/sq, Technology Co., Ltd) were sequentially cleaned 
using acetone and isopropanol. PEDOT:PSS was spin-coated on ITO substrates at 2000 rpm for 
50 s and annealed on a hot plate at 120 °C for 20 min in ambient air. The perovskite films were 
deposited with two-step spin coating procedures: (1) 1000 rpm for 10 s with an acceleration of 
1000 rpm/s and (2) 5000 rpm for 50 s with a ramp-up of 10000 rpm/s. Ethyl acetate (150 µL) was 
dropped on the spinning substrate during the second spin-coating step at 20 s before the end of the 
procedure. The substrates were then transferred on a hotplate and annealed at 65 °C for 3 min and 
then 105 °C for 7 min. After cooling down to room temperature, the substrates were transferred to 
the evaporation system. Finally, C60 (20 nm, 0.1 Å/s)/BCP (7 nm, 0.1 Å/s)/Cu (100 nm, 1 Å/s) 
were sequentially deposited on top of perovskite by thermal evaporation to complete the solar cell 
fabrication. 
Solar cell performance characterization  
J–V curves were measured in four-contact mode using a Keithley 2400 source meter. The solar 
simulator (ABA class, LOT-QuantumDesign) was calibrated using a certified monocrystalline 
silicon solar cell (RS-ID-5, Fraunhofer-ISE) and was used to simulate the AM 1.5 G (1 sun, 100 
mW cm-2) illumination. The spectral irradiance of the solar simulator was measured and compared 
with AM1.5G irradiation spectrum (Figure S7). The active area is defined by the black shadow 
mask with an aperture area of 0.09 cm2. The scanning rate was 100 mV s−1, with a delay time of 
100 ms and a voltage step of 10 mV. The J–V measurements were performed in reverse bias from 
0.9 to -0.2 V in ambient air (∼40 % relative humidity) at room temperature. The external quantum 
efficiency of the devices was measured with a lock-in amplifier. The probing beam was generated 
by a chopped white source (900W, halogen lamp, 280 Hz) and a dual grating monochromator. The 
beam size was adjusted to ensure that the illumination area was fully inside the cell area. A certified 
single crystalline silicon solar cell was used as a reference cell. White light bias was applied during 
the measurement with ~ 0.1 sun intensity.  
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