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Abstract 

Tin-based perovskite solar cells (PSCs) are promising lead-free photovoltaic candidates, but 

their performance is limited by Sn2+ oxidation, high defect density, and severe self-p-doping. 

Here, we employ fluoride-based additive engineering using BaF2, SrF2, and YbF3 to regulate 

the crystallization, defect chemistry, and electronic structure of FASnI3 perovskites. Among 

the investigated additives, SrF2 delivers the best device performance, increasing the power 

conversion efficiency from 9.7% to 12.7% with enhanced operational stability. Density 

functional theory calculations reveal that all dopants suppress Sn off-centering and reduce 

electron effective-mass anisotropy, although their structural and electronic effects differ 

significantly. Ba doping exhibits the most favorable thermodynamic stability, while Yb doping 

most effectively centers the metal atom within the octahedron. Sr doping induces more uniform 

local structural modification with minimal perturbation of valence-band dispersion, thereby 

avoiding excessive hole effective-mass enhancement. These findings demonstrate that the 

effectiveness of metal fluoride additives is governed by the interplay between defect energetics, 

local octahedral distortion, and carrier transport anisotropy, providing a design strategy for 

efficient and stable lead-free PSCs. 

Keywords: Tin perovskite; tin oxidation; metal fluoride additive, defect formation、Sn off-

centering. 
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1. Introduction 

 

Halide perovskite solar cells have rapidly advanced photovoltaic research, achieving power 

conversion efficiency (PCE) exceeding 27% within a decade. However, these high efficiencies 

are predominantly realized in lead-based systems, raising environmental and regulatory 

concerns1–3. Tin-based perovskite solar cells (Sn-PSCs) have therefore emerged as promising 

lead-free alternatives due to their suitable bandgap (≈1.2-1.4 eV), strong optical absorption, 

low exciton binding energy, and favorable charge-transport properties, making them attractive 

for both single-junction and tandem applications.4–6  Despite their potential, the performance 

of Sn-PSCs lags significantly behind their Pb counterparts, with a record PCE of ≈17% and 

limited operational stability7,8. This limitation primarily originates from the facile oxidation of 

Sn2+ to Sn4+, which induces tin vacancies, severe self-p-doping, high background carrier 

densities, and enhanced nonradiative recombination losses9–11. Additionally, the 

stereochemically active 5s2 lone pair of Sn2+ leads to octahedral distortion and local lattice off-

centering, creating strain and broad defect states that further compromise defect tolerance. 

Rapid crystallization results in defective film morphologies12–15. These factors severely 

compromise device efficiency, reproducibility, and operational stability. 

To address these challenges, a broad range of strategies has been reported16,17. Process 

engineering approaches, such as reducing atmosphere deposition and solvent coordination 

control, have mitigated Sn oxidation and improved film morphology18,19. Interfacial strategies, 

including self-assembled monolayers and dipole interlayers, have been developed to reduce 

interfacial recombination and enhance device stability20–22. Apart from these, additive 

engineering has emerged as one of the most effective routes to enhance the performance of tin-

based perovskites23–26. Among the various additives, tin fluoride (SnF2) remains canonical; it 

suppresses the oxidation of Sn2+ to Sn4+, regulates nucleation, and often improves film 

morphology and optoelectronic quality27–29. Consequently, SnF2 has become a near-ubiquitous 

component in high-performance tin (and mixed Pb-Sn) absorbers. Recently, Ma et al. reported 

the use of a bifluoride additive (NH5F2) as a substitute for SnF2 to suppress phase segregation 

in Sn-perovskite films30. The weaker coordination of the [F–H–F]⁻ anion enabled its removal 

during annealing, resulting in smoother morphology, reduced defect density, and a record 

efficiency of 15.04%. Beyond fluorides, broader additive engineering strategies (including 

antioxidants, Lewis-base/acid complexes, low-dimensional cations, and tailored ligands) have 

delivered substantial improvements in device efficiency and operational stability31–33. In 



3 
 

parallel, cation-doping approaches have recently gained attention for their ability to mitigate 

defect densities and counteract lone-pair-induced distortions34–37. Phung et al. demonstrated 

that low levels of alkaline-earth dopants can be incorporated into halide perovskite lattices to 

tune their doping character37. Building on this, a recent study on partial substitution of A- or 

B-site cations in tin perovskites with alkaline-earth elements (e.g., Sr2+) has shown significant 

reductions in self-p-doping, effective healing of Sn vacancies and off-centering, and relaxation 

of local lattice strain, collectively leading to lower defect densities and measurable 

improvements in VOC and fill factor38. Although significant improvements have been achieved, 

most efforts focus either on SnF2-based additives or on iodide salts of alkaline-earth and rare-

earth metals. However, systematic studies exploring the role of fluoride-based salts beyond 

SnF2, such as alkaline-earth and rare-earth fluorides, remain scarce despite the unique dual 

functionality. Fluoride anions can strongly coordinate with Sn4+ species and undercoordinated 

lattice sites, thereby suppressing oxidation and passivating traps39. A larger cation may occupy 

interstitial/vacancy sites, relieve lattice strain, and further stabilize the perovskite structure. 

Moreover, lanthanide fluorides have been shown in Pb-based systems to interact with solvents 

such as DMSO, mediating controlled crystallization and yielding enhanced film quality and 

device durability40. Translating these insights to Sn-based systems presents an attractive but 

largely unexplored pathway. 

Motivated by the dual considerations of (i) the well-established ability of fluoride anions to 

suppress Sn(II) oxidation and passivate electronic trap states, and (ii) the beneficial role of 

larger cations in reducing vacancy-driven lattice distortion, we introduce metal fluoride (MFx :  

BaF2, SrF2, and YbF3) additives for Sn-PSCs. This study explores the mechanistic role of MFx 

additives in regulating crystallization, carrier dynamics, and defect physics. Through combined 

experimental and theoretical analysis, it is demonstrated that these fluoride salt additives 

enhance film quality, reduce trap-assisted recombination, and improve both efficiency and 

operational stability compared to control devices. By integrating fluoride chemistry with 

lattice-stabilizing cations, this work provides a framework for additive engineering in Sn-halide 

perovskite (Sn-HP) and insights into addressing defect- and stability-related challenges. 

2. Results and discussion:  

2.1. Effect of binary metal fluoride on Sn-perovskite film properties 

The design concept of using metal fluoride (MFx) additives to stabilize Sn-HPs is demonstrated 

schematically in Fig. 1a. It conveys the plausible dual action of the additive: (i) the highly 

electronegative fluoride anion coordinates to undercoordinated Sn2+/Sn4+ and passivates VSn 
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vacancies, suppressing oxidation; and (ii) the metal cation (M2+) is shown incorporated at/near 

the Sn site in the octahedron, where it suppresses Sn off-centering and provides local structural 

reinforcement.  

 

Figure 1. (a) Schematic illustration of metal fluorides and perovskite lattice interaction. (b,c) 

XRD Patterns with zoomed view. (d) PL spectra. (e) SEM images of Sn-Hp films without and 

with MFx additives ((e1) control, (e2) SrF2, (e3) BaF2, and (e4) YbF3). 
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Figure 1b presents the X-ray diffraction (XRD) patterns of control Sn-HP films and those 

prepared with MFx (BaF2, SrF2, and YbF3) additives. All films exhibit the characteristic 

diffraction peaks corresponding to the (100) and (200) planes of the 3D perovskite phase26. A 

noticeable enhancement in the diffraction peak intensities (Fig. 1c) is observed for the Sn-HP 

film with MFx additive compared to the control, with the most pronounced increase observed 

for the SrF2-additive. This intensity enhancement suggests improved crystallinity and a higher 

degree of preferred orientation along the (100) direction, which is commonly associated with 

improved charge transport in Sn-HP films25. Further, the magnified XRD patterns reveal a 

slight narrowing of the diffraction peaks for the additive-treated films. It is consistent with 

improved crystallinity and a possible reduction of microstrain41. In Sn-HPs, microstrain is 

associated with local lattice distortions arising from Sn off-centering39. Therefore, the MFx 

additive could contribute to improved crystallization and reduced local disorder.  

Figure 1d exhibits the steady-state photoluminescence (PL) spectra of control and MFx additive 

Sn-HP films. All samples exhibit a single emission peak centered around 875 nm (1.417 eV)25. 

Sn-HP films with binary fluoride show an enhancement in PL intensity, with the SrF2 films 

exhibiting the strongest emission. It suggests that the introduction of MFx additives effectively 

suppresses nonradiative recombination. The additives are successfully aiding in reducing 

defect density and improving the electronic quality of the perovskite films. Notably, the 

emission peak position remains nearly unchanged across all samples (Fig. S1), suggesting that 

no significant compositional alteration of the perovskite lattice is detectable from PL 

characteristics. The role of MFx additives thus appears primarily linked to defect passivation 

rather than bandgap modification.  

Figure 1e shows the top-view scanning electron microscopy (SEM) images of Sn-HP films. 

The control film exhibits a relatively rough surface morphology with irregularly shaped grains, 

pinholes, and poorly connected grain boundaries. Such morphological features are known to 

act as preferential sites for defect formation, moisture ingress, and nonradiative 

recombination39. The Sn-HP film with the MFx additive shows improved surface coverage and 

grain uniformity. These SEM images modulated with MFx additives improve film morphology 

through chemically mediated regulation of crystallization and interfacial bonding. It can be 

rationalized by considering the chemical interactions introduced by the fluoride-based 

additives during film formation39,42. 

2.2. Photovoltaic properties of Sn-PSCs with binary metal fluoride additive 
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To evaluate the impact of MFx additives on the photovoltaic performance of Sn-PSCs, devices 

were fabricated using the architecture ITO/PEDOT:PSS/Sn-HP/ICBA/BCP/Ag. The cross-

sectional SEM images of the device (Fig. 2a,b) depict that the SrF2-additive device forms a 

more compact columnar growth with improved interfacial contact to the underlying 

PEDOT:PSS, indicating enhanced film formation and structural integrity compared to the 

control. Figure 2c shows the current density-voltage (J-V) characteristics of Sn-PSCs with MFx 

additives measured under AM 1.5G illumination, while the corresponding photovoltaic 

parameters extracted from multiple devices are summarized in Table 1. The control Sn-PSC 

exhibited a PCE of ≈9.74%, whereas devices incorporating MFx additives demonstrated 

superior PCE. Particularly, the device with SrF2 additive showed the best PCE of 12.68%. This 

improvement is accompanied by a notable increase in VOC from ~0.786 V in the control device 

to ≈0.869 V for SrF2-based devices, along with a simultaneous enhancement in fill factor (≈ 64 

to 71) and JSC (≈19.34 to ≈20.41 mA cm-2). It is attributed to the improved film compactness, 

reduced defect-assisted recombination at grain boundaries, and more uniform perovskite 

coverage enabled by the incorporation of fluoride additives, as observed in SEM and PL 

measurements. Notably, while YbF3-treated devices exhibit competitive Jsc values, their 

slightly reduced Voc compared to SrF2-treated devices suggests subtle differences in defect 

compensation and the electronic landscape introduced by the aliovalent Yb3+ species. 
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Figure 2. Cross-sectional SEM image of (a) control and (b) SrF2 additive Sn-PSCs, (c) J-V 

curves of Sn-PSC devices (■ forward/□ reverse scan direction) (control and additives), (d) EQE 

spectra, (e) statistics of PCE, and (f) operational stability of PSCs under MPPT conditions. 

Table 1. Summarized device parameters of the Sn-PSCs without and with fluoride additive. 

The best device parameters are given outside the parentheses. The average values of PCE and 

standard deviation (SD) (24 devices from 4 batches). 

 

Device Scan 
JSC 

(mAcm-2) 
VOC 
(V) 

FF 
PCE 
(%) 

PCE (Average) ± SD 

Control 
F 19.34 0.786 0.642 9.74 

9.19 ± 0.53 
R 18.01 0.783 0.657 9.25 

SrF2 
F 21.2 0.850 0.684 12.36 

12.03 ± 0.39 
R 20.41 0.869 0.715 12.68 

BaF2 
F 20.46 0.846 0.672 11.63 

11.62 ± 0.31 
R 19.86 0.845 0.723 12.14 

YbF3 
F 21.04 0.817 0.667 11.46 

11.26 ± 0.32 
R 20.32 0.815 0.695 11.51 
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Figure 2d presents the external quantum efficiency (EQE) spectra of devices. The device with 

SrF2 additive exhibits a consistently higher EQE across a broad spectral range. This 

enhancement suggests more efficient carrier extraction at the interfaces, as well as improved 

charge transport and collection within the perovskite bulk43. The integrated JSC values 

calculated from the EQE spectra are 18.65 and 20.21 mA cm-2 for the control and SrF2-additive 

devices, respectively. This closely matches the corresponding values extracted from the J-V 

curves. In addition, the band edge derived from the EQE onset (Fig. S3) yields an optical 

bandgap ≈1.410 ± 0.02 eV for the control device and ≈1.416 ± 0.02 eV for the SrF2-treated 

device. These values are in good agreement with the band edge obtained from the characteristic 

PL spectra. The blue shift of bandgap observed for the Sn-HP film with SrF2- additive is likely 

associated with reduced band tailing and energetic. These results underscore that the improved 

device performance mainly arises from reduced recombination losses and more efficient charge 

collection enabled by the fluoride additive. 

To assess reproducibility, a statistical analysis was conducted on 24 devices from 4 batches 

(Fig. 2e, Fig. S2, and Table S1). The control devices show a broad distribution of efficiencies, 

centered at 9.19±  0.53%. Sn-PSCs with fluoride additives consistently raise the mean 

efficiency and narrow the distribution range. Among them, SrF2 exhibits a superior PCE of 

12.03 ± 0.39%, while BaF2 and YbF3 devices achieve PCE of 11.62 ± 0.31 % and 11.26 ± 

0.32%, respectively. The reduced spread in device PCE suggests that fluoride additives 

promote more uniform film formation and minimize batch-to-batch variability.  

Moreover, Figure 2f compares the operational stability of encapsulated control and SrF2-

additive Sn-PSCs measured under continuous maximum power point tracking (MPPT) 

conditions. The control device undergoes a comparatively faster degradation, retaining only 

~50% of its initial PCE after ~500 h of operation. The SrF2-additive device demonstrates a 

slower degradation, maintaining approximately ~70% of its initial efficiency over the same 

time span. The incorporation of SrF2 likely suppresses defect-mediated degradation pathways 

by passivating Sn-related deep trap states and stabilizing grain boundaries44–46. Additionally, 

fluoride-based additives may enhance the structural robustness of the Sn-HP lattice by reducing 

local lattice distortions38, which will be discussed in more detail later. 

2.3. Photo-characteristics of Sn-PSCs with binary metal fluoride additive 

To elucidate the recombination dynamics in the control and SrF2-additive devices, light-

intensity-dependent open-circuit voltage (𝑉OC) measurements were performed, as shown in Fig. 
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3a. For the control device, the slope of the VOC versus natural logarithm of light intensity (lnI) 

yields a diode ideality factor of n ≈2.67𝑘B𝑇/𝑞. It is known that the ideality factor of n ≈1 

indicates predominantly band-to-band recombination, while n ≈2 indicates Shockley-Read-

Hall (SRH) trap-assisted recombination47. It has been reported that the n can vary between 1 

and 3 for PSCs, depending on the extent and nature of trap-assisted recombination.  Although 

classical diode theory bounds 1<n<2, the ideality factors exceeding n>2 are reported in PSCs. 

These high values are attributed to interface-dominated recombination, mobile-ion screening, 

and combined bulk/ interface trap -assisted recombination pathways48. Thus, the pronounced 

decrease of n ≈1.49 kBT/q with the SrF2 additive therefore indicates effective suppression of 

trap-assisted non-radiative recombination49. 

 

Figure 3. (a) Light intensity dependence of VOC, (b) TRPL data, (c) TPV decay curves, (d) TPC 

curves of control and SrF2 additive devices. 

 

The PL decay curves and bi-exponential fitting results are shown in Fig. 3b, with the extracted 

lifetime in the inset table. The control film exhibits shorter lifetime components (τ1 ≈ 0.6 ns 

and τ2 ≈8.34 ns) compared to the SrF2-additive film (τ1 ≈7.2 ns and τ2 ≈13.9 ns).  For 

polycrystalline perovskite films, the fast component τ1 is associated with trap-mediated non-

radiative recombination at surfaces and grain boundaries, whereas the slow component τ2 
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reflects radiative/bulk recombination50. The marked increase of τ1 thus indicates effective 

passivation of surface and grain-boundary traps, leading to a marked suppression of 

nonradiative recombination pathways, while the longer τ2 indicates improved bulk carrier 

lifetime, reflecting reduced defect density and improved lattice stability throughout the 

perovskite film. These results corroborate the significance of the MFx additive in improving 

the performance of Sn-PSCs. 

Transient photovoltage (TPV) measurements were performed to further probe the 

recombination dynamics under open-circuit conditions for the control and SrF2-treated devices 

(Fig. 3c). Upon small-perturbation illumination, the SrF2-additive device (≈11.02 μs) exhibits 

a prolonged photovoltage decay compared to the control (≈8.01 μs). The longer TPV lifetime 

for the SrF2 device indicates a reduced charge recombination rate and a higher density of long-

lived charge carriers under operating conditions. This behavior is consistent with suppressed 

nonradiative recombination pathways, particularly those associated with Sn4+-related deep 

traps and interfacial defects25,51. 

Transient photocurrent (TPC) measurements were carried out to investigate the charge 

extraction dynamics and carrier transport efficiency52,53. The Sn-PSCs with SrF2 additive 

exhibit a noticeably faster photocurrent decay (1.19 s) compared to the control device (1.30 

s) (Fig. 3d), indicating more efficient charge extraction and reduced carrier trapping. The 

shorter TPC decay time in the SrF2-treated device reflects accelerated carrier transport through 

the perovskite layer and across the interfaces. The complementary TPV-TPC behavior clearly 

demonstrates that SrF2 additive simultaneously prolongs carrier lifetimes while enabling rapid 

charge extraction. This signifies reduced trap density and improved interfacial energetics. 

2.4. Modulation of surface chemistry and energy on Sn-HP with metal fluoride additive 

To study the surface energy modulation of Sn-HP films, ultraviolet photoelectron spectroscopy 

(UPS) measurements were performed. Energy-level diagrams were extracted as given in Fig. 

4a-d. The control Sn-HP film exhibits a work function (φ) of ≈4.38 eV, with the Fermi level 

located close to the valence band maximum (ΔEF,V ≈ 0.62 eV), indicating strong p-type self-

doping and Sn-related acceptor defects arising from partial Sn2+ oxidation38. Upon 

incorporation of SrF2, the work function increases to ≈4.42 eV, and the Fermi level shifts 

significantly toward the mid-gap region (ΔEF,V ≈ 0.82 eV), indicating a substantial suppression 

of excessive p-type doping and a transition toward a more intrinsic electronic character. Similar 

trends are observed for BaF2- and YbF3-treated films (Fig. S4). The energy level diagrams of 
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the Sn-HP films with MFx (Fig. 4c, Fig. S5) were extracted from UPS results. The Sn-HP with 

SrF2 additive exhibits a modified electronic structure compared to the control film. The valence 

band maximum of the SrF2-additive Sn-HP film got shifted from -5.00 eV (control) to ≈-5.24 

eV, closely matching the HOMO level of PEDOT:PSS (≈-5.25 eV). This near-ohmic alignment 

is expected to promote efficient hole transport and suppress interfacial recombination. The 

CBM of the Sn-HP with SrF2-additive (≈-3.82 eV) introduces a conduction band offset of ~0.06 

eV relative to the LUMO level of ICBA (≈-3.74 eV) (Fig. 4d). Such a spike has been widely 

reported to be beneficial in suppressing electron back-transfer and interfacial recombination54. 

It highlights that SrF2 additives modulate the interfacial energy of Sn-PSCs, enabling efficient 

charge extraction and recombination suppression. These results also support the increase in 

device parameters and operational stability. 

 

Figure 4. UPS analysis of Sn-HP films. (a) onset energy spectra. (b) secondary electron cutoff 

spectra, (c) corresponding schematic energy levels, and (d) Device energy band diagram 

constructed from experimental results. (e,f) XPS: Sn 3d (3d5/2 and 3d3/2) spectra of the Sn-HP 
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film surfaces without and with SrF2 additive. ToF-SIMS depth profiles (g) control and (h) SrF2 

-additive Sn-HP film, (i) SrF2 (Sr2+) distribution 3D images reconstructed from ToF-SIMS 

depth profiles.  

 

To further investigate the impact of MFx additives on the surface chemistry, we collected X-

ray photoelectron spectra (XPS) of the Sn-HP. Figure 4e-f shows the high-resolution Sn 3d 

core-level spectra. From the quantitative deconvolution of Sn 3d5/2 and Sn 3d3/2, Sn4+ 

component accounts for ~12.1% for the control film. The Sn4+ state in Sn-HP with SrF2 additive 

is reduced to ~4.4% while that for BaF2- and YbF3-additive exhibit Sn4+ fractions of ≈4.8 and 

≈5.5%, respectively (Fig. S6). This result confirms the effectiveness of MFx additives in 

suppressing Sn2+ oxidation26. The distinct Sn4+ fractions among the additives indicate that 

fluoride passivation alone does not fully account for the observed differences in chemical 

stabilization and device performance. 

To investigate the chemical depth distribution and interfacial characteristics of the perovskite 

films, ToF-SIMS depth profiling was carried out on control and MFx additive Sn-HP film 

deposited on PEDOT:PSS/ITO (Fig.4g,h and Fig. S7). The distribution profiles of key elements 

show well-confined layers in Sn-HP film with additives. We noticed an enhanced fluoride 

signal near the perovskite/HTL interface, indicating preferential accumulation of fluoride 

species at this chemically sensitive region (Fig.S8). These 3D- reconstructed images derived 

from the ToF-SIMS data further confirm that fluoride-rich regions extend along the perovskite 

surface and interfacial zones rather than being uniformly distributed throughout the bulk. Such 

spatial localization of fluoride is favourable for passivating undercoordinated Sn2+ sites and 

chemically active defect centers, thereby limiting Sn oxidation and suppressing defect-assisted 

recombination.  The 3D distribution of Sr2+ within the SrF2-doped perovskite film (Fig. 4i) 

reveals a homogeneous dispersion of Sr throughout the bulk of the film, confirming uniform 

incorporation of the additive rather than surface segregation. These results suggest that fluoride 

additives contribute not only to bulk defect regulation but also play a crucial role in stabilizing 

the perovskite/HTL interface by mitigating interfacial mixing and chemical degradation. 

2.5. Defect analysis of Sn-PSCs with metal fluoride additive 

To further probe defect-related charge storage and interfacial polarization effects, capacitance–

frequency (C-f) measurements were carried out for the control and SrF2-treated devices (Fig. 

5a). At low frequencies (<102–103 Hz), the control device exhibits a relatively higher 

capacitance than Sn-HP with SrF2 additive. It is attributed to suppression of trap-assisted 
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charge storage and diminished ionic or interfacial polarization effects in Sn-PSCs with SrF2 

additive 55,56. 

To gain insight into the defect-related charge characteristics of the devices, capacitance spectra 

were analysed57,58. The carrier profile was obtained by the following relation: 

NCV = −
2

𝑞𝜀0𝜀𝑠
 [

𝑑

𝑑𝑉
(

1

𝐶(𝑉)2
)]

−1

, where NCV represents carrier density calculated from the 

capacitance-voltage (C-V) curve, C is the capacitance per unit area, 𝜀0 is the permittivity of 

free space, 𝜀𝑠 is the dielectric constant of the perovskite material. 

 

Figure 5. Capacitance characteristics of devices: (a) C-f spectra under dark, (b) Mott-Schottky 

plots, (c) carrier profile of control and SrF2 additive devices. 

 

 Mott-Schottky plots (Fig. 5b) show an increase in the diffusion potential (VD) from ~0.657 V 

(for the control device) to ~0.824 V for the SrF2-additive device. This aligns with the increase 

in the VOC of devices. Furthermore, Fig.5c profiles the spatial variation of carrier density across 

the active layer calculated from C-V measurements. The bulk carrier density in control devices 

(~5.62 × 1016 cm-3) is attenuated in the SrF2-aadditive device (~2.24 × 1016 cm-3), indicating a 

reduced bulk defect density. Similarly, the control device exhibits a relatively high carrier 

density (~5.46 × 1018 cm-3) compared to the SrF2-additive device (~4.65 × 1017 cm-3) at the 

interface, indicating a high interfacial defect density23. This reduction in defect density suggests 

that SrF2 is effective in the passivation of bulk and interfacial defects. These results support the 

enhanced carrier lifetimes, reduced nonradiative recombination losses, and improved 

photovoltaic performance observed in the SrF2-based devices. 

Thus, the performance trend (SrF2> BaF2 > YbF3) is governed by the coupled roles of fluoride 

ions and their associated metal cations in modulating the chemistry of the Sn-HP absorber. 

Fluoride ions selectively coordinate with undercoordinated Sn2+ at surfaces and grain 

boundaries, mitigating oxidation and defect formation. Their effectiveness, however, depends 
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on the accompanying cation. The higher ionic character and lower lattice energies of SrF2 and 

BaF2 facilitate greater fluoride availability during film formation, whereas YbF3 is limited by 

its aliovalent nature and restricted fluoride release. This work corroborates that MFx additives 

enhance device PCE by concurrently suppressing defect-assisted self-doping, improving 

crystallization, and optimizing interfacial energetics, with SrF2 exhibiting the most favorable 

balance of these effects. 

2.6. Theoretical insights into Sn-site doping induced by MFx additives 

To gain deeper theoretical insights, we carried out a comprehensive analysis using Density 

Functional Theory (DFT) calculations38,59–61. To examine Sn-site doping in FASnI3, Sr-, Ba-, 

and Yb-substituted models were constructed by replacing one Sn atom, as shown in Fig. 6a 

(Fig. S9-11). The DFT “doping” models represent the microscopic limiting case of Sn-site 

substitution by the additive cation, while the salts are introduced experimentally as additives. 

Structural projections reveal that pristine FASnI3 exhibits off-centering of Sn and FA, along 

with octahedral tilting. We found that doping reduces off-centering with a dopant-dependent 

effect. Ba induces a larger local distortion. Yb yields a more centered and distinct distortion 

pattern. Sr shows intermediate behavior with partial suppression of off-centering. This 

observation is also evident from the comparison of the octahedral volumes as summarized in 

Table S2. The Octahedral volume analysis shows uniformity in FASnI3, while doping 

introduces disparities between dopant-centered and neighboring octahedra. Ba- and Sr-induce 

significant local expansion, whereas Yb- doping causes comparatively smaller volume 

variation. This variation can also be attributed to differences in the ionic radii of the dopants, 

as given in Table S3.  Accounting for Shannon’s effective ionic radii, Ba2+, being larger than 

Sn2+, induces the most pronounced octahedral expansion, while the smaller Yb3+ leads to only 

minor volume changes. Although Sr2+ has a radius comparable to Sn2+, it still shows noticeable 

expansion, indicating that factors beyond ionic size, such as lattice relaxation and local 

coordination rearrangement, also play an important role. 

Furthermore, local structural distortions were quantified using I-M-I (intra-octahedral), M′-I-

M (linkage/tilting), dihedral (twisting), and off-centering displacement metrics (Fig. S11, Table 

S4-6) to provide a comprehensive view of dopant-induced effects. We found that Sr doping 

introduces relatively mild and nearly isotropic structural changes. This is evidenced by near-

ideal intra-octahedral I-Sr-I bond angles (89.00-91.50°) and reduced off-centering, indicating 

partial structural stabilization. In contrast, Ba doping leads to pronounced octahedral expansion 

and strong anisotropy in the inter-octahedral M′-I-M angles (85.26-96.45°), reflecting 
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significant directional modulation of local tilting and lattice perturbation. In the Yb-doped 

system, the metal atom is located close to the octahedral center, showing minimal off-centering, 

whereas the intra-octahedral I-Yb-I bond angles vary widely (81.98-98.95°), indicating 

pronounced angular distortion within the octahedron. These results underscore distinct 

structural distortion mechanisms of B-site doping in the FASnI3 system. From the detailed 

analysis of structural distortion and off-centering displacement, it is corroborated that Ba-

doping causes significant octahedral expansion and anisotropic tilting. Yb-doping induces a 

strong angular distortion with minimal off-centering. While Sr -doping leads to moderate and 

relatively uniform structural distortions.  

 

Figure 6. Optimized crystal structures viewed along the a-axis: (a) control, Sr-, Ba-, and Yb-

doped in FASnI3. Total density of states (DOS) and partial density of states (PDOS) of (b) Sr-, 

(c) Ba-, and (d) Yb-doped systems. The black line represents the total density of states, and the 

red, blue, and green lines represent the s-, p-, and d-orbital-projected densities of states, 

respectively. 

Furthermore, to evaluate the stability of Sn-site doping, it was modeled as antisite substitutional 

defects (𝑀Sn, where M=Sr, Ba, Yb), in which a dopant atom replaces a Sn atom in the lattice36,38. 

The calculated defect formation energies, which give thermodynamic favourability of defect 

formation relative to the pristine FASnI3. It shows that the defect formation energies for all 
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dopants are negative (Table S7), indicating that their incorporation is thermodynamically 

favorable under the chemical potential conditions used in this calculation. Among them, 𝐵𝑎Sn 

exhibits the lowest formation energy, suggesting that Ba substitution is the most energetically 

stable and most likely to occur among the considered dopants. 

We also evaluated the effect of dopant on VBM and CBM from the calculated results (Fig. 

S12). It shows that Sn-site doping primarily alters the absolute energy levels of the CBM and 

VBM, leaving the band gap nearly unchanged. This indicates that the overall electronic 

structure is preserved, but the energy alignment of the bands relative to the vacuum level or 

Fermi level is modulated. These energetic shifts arise from dopant-induced changes in the local 

electronic environment and orbital interactions. This observation is in line with the 

experimental UPS results. Importantly, such tunability of band-edge positions, without 

compromising the band gap, is highly advantageous for band alignment engineering. It enables 

better matching with charge transport layers and electrodes, thereby improving charge injection 

and extraction in device architectures. 

We further examine how local structural changes are reflected in the electronic states through 

variations in the effective mass. As summarized in Tables S8 and S9, pristine FASnI3 exhibits 

pronounced anisotropy at the CBM, whereas Sn-site doping reduces both the electron effective 

mass and its anisotropy, resulting in more isotropic electron transport. In contrast, the VBM 

shows a stronger dependence on the dopant species. Sr doping preserves a relatively low hole 

effective mass along all directions, indicating more balanced carrier transport. Conversely, Ba 

and Yb doping increase the hole effective mass along specific directions due to valence band 

flattening. In addition, the band structures (Fig. S13) are consistent with the effective mass 

trends in Table S9. It is found that Sr doping induces relatively smooth band dispersion with 

minimal flattening near the band edges, indicating only moderate changes. In contrast, Ba and 

Yb doping introduce noticeable band flattening near the VBM along specific directions, with 

the effect being strongest for Ba. This trend aligns with the increased hole effective mass 

observed in Ba- and Yb-doped systems. These results suggest that Sn-site doping shifts the 

dominant anisotropy from electrons to holes to some extent. 

Figure 6b-d presents the total density of states (DOS) of the doped Sn-HP system. It shows that 

the DOS profile for Sr-doping results in smooth features near the band edges, whereas Ba and 

Yb exhibit more pronounced changes, especially near the VBM, due to stronger local distortion. 

DOS analysis confirms that VBM originates from Sn-s/I-p hybridization and CBM from Sn-p 
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states, with doping primarily altering the valence band characteristics. This is consistent with 

band dispersion results, where Sr preserves band curvature with low hole effective mass, while 

Ba and Yb induce VBM flattening, increasing hole effective mass (𝑚ℎ
∗ : Ba > Yb > Sr) 

particularly along the Γ→Z and Γ→A₀ directions. Thus, Sn-site doping mainly impacts the 

VBM and hole transport, with Ba and Yb causing stronger anisotropy than Sr. 

From a photophysical perspective, all systems exhibit similar absorption onsets (Fig. S14), 

confirming that Sn-site doping does not significantly alter the band gap. This is consistent with 

experimental results. However, Sn-site doping exhibits an absorption spectral profile that 

reflects changes in orbital hybridization and electronic structure. These effects are more 

pronounced for Ba- and Yb-doped systems, consistent with their stronger structural distortions 

and impact on the VBM. 

Thus, the theoretical analysis of Sn-site doping in FASnI3 provides a versatile route to tune 

multiple properties simultaneously, including defect stability, band alignment, carrier 

transport- particularly hole transport, and optical response. These calculations suggest that Sn-

site substitution by Sr, Ba, and Yb can modulate the local structure, electronic structure, and 

optical response of FASnI3. These trends may help rationalize the improved photovoltaic 

performance observed in the corresponding Sn-PSCs. 

Building on the present results, several complementary strategies could push the device’s 

efficiency beyond the one achieved here. Although the MFx additives markedly enhance the 

bulk and interface quality, the champion VOC (≈0.87 V) still exhibits a considerable deficit 

relative to the ≈1.4 eV bandgap of Sn-HPs, indicating that residual non-radiative recombination 

in the bulk and at interfaces remains a major loss pathway30. Further efficiency gains can 

therefore be achieved through synergistic surface passivation and interface engineering to 

suppress interfacial defects and improve energy-level alignment62. In addition, optimization of 

additive concentration and the development of alternative fluoride sources could provide more 

homogeneous crystallization and reduced defect densities. Combining the bulk modification 

strategy with advanced charge-transport layers or 2D/3D heterostructure engineering63 presents 

a promising route for state-of-the-art Sn-based PSC efficiencies represents a promising 

direction. These approaches could further enhance charge extraction, reduce recombination 

losses, and unlock the full potential of fluoride-engineered Sn-PSCs. 

3. Conclusion 
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This work systematically investigated the role of metal fluoride additives, BaF2, SrF2, and YbF3, 

whose cations can act as a dilute Sn-site dopant, in FASnI3-based perovskite solar cells. It 

establishes a dual-channel passivation strategy in which F- suppresses Sn2+ oxidation and 

passivates VSn vacancy trap states, while the accompanying metal cations regulate local 

octahedral structure and electronic properties through Sn-site substitution. Comprehensive 

material characterization confirms that MFx additives modulate film crystallization, surface 

energy, and defect chemistry synergistically. SrF2 incorporation delivers the most favorable 

outcome, improving PCE from 9.7% to 12.7% with enhanced operational stability, while the 

experimentally observed hierarchy (SrF2 > BaF2 > YbF3) reflects a balance between competing 

material requirements that cannot be optimized through ionic size or charge neutrality alone, 

but must account for the anisotropy of carrier transport and the degree of local octahedral 

distortion introduced by each dopant. Taken together, these findings shift the design logic for 

fluoride-based additives from empirical screening toward a property-driven selection 

framework, where thermodynamic stability, off-centering suppression, and valence band 

preservation serve as guiding criteria. Extending this framework to different compositions and 

probing the long-term interfacial behavior of Sn-F interactions under operational stress remains 

an important direction for consolidating fluoride additive engineering as a reliable strategy for 

lead-free perovskite photovoltaics. 
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