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Near-infrared light-emitting diodes (NIR-LEDs) are widely used in various applications such as night-vision devices, optical communication, biological imaging and optical diagnosis. The current solution-processed high-efficiency perovskite NIR-LEDs are typically based on CsPbI3 and FAPbI3 with emission peaks being limited in the range of 700–800 nm. NIR-LEDs with longer emission wavelengths near to 900 nm can be prepared by replacing Pb with Sn. However, Sn-based perovskite LEDs usually exhibit a low efficiency owing to the high concentration of Sn-related defects and the rapid oxidation of Sn2+ to Sn4+, which further induces the device degradation. These problems can be solved by rationally adjusting the ratio between Pb content with Sn. Mixed Sn-Pb halide perovskites with a smaller bandgap and superior stability than pure Sn-based perovskites are promising candidates for manufacturing next-generation NIR emitters. In this study, we systematically investigated the optical properties of a family of hybrid Sn and Pb iodide compounds. The emission spectra of the mixed Sn-Pb halide perovskites were tuned by changing the Sn:Pb ratio. Consequently, the peak emission wavelength red-shifted from 710 nm to longer than 950 nm. The absorption and photoluminescence emission properties associated with different compositions were compared, and the results demonstrated the potential of MA- and FA-based mixed Sn-Pb halide perovskites for preparing low-cost and efficient NIR-LEDs. In addition, we clarified the influence of cations on the bandgap bowing effect and electronic properties of mixed Sn-Pb halide perovskites.
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INTRODUCTION
The near-infrared (NIR) spectrum refers to electromagnetic waves with wavelengths ranging from 700 to 2500 nm. NIR light is invisible, which has deep-depth tissue penetration and is less hazardous to living organisms. Light-emitting diodes (LEDs) with emissions in the NIR region (termed NIR-LEDs) can be used in a wide variety of applications such as biological imaging, night-vision devices, optical communication, remote sensing and optical diagnosis (Tessler et al., 2002; Smith et al., 2009; Xiang et al., 2013; Gu et al., 2019). Current NIR-LEDs are typically prepared using III-V inorganic semiconductors that are epitaxially grown on crystalline substrates (Kato et al., 1991; Saka et al., 1993; Dimakis et al., 2014; Zhong and Dai, 2020). However, the processing of III-V LEDs, that requires high vacuum and high-temperature sintering treatments, increases the manufacturing costs (Kato et al., 1991; Saka et al., 1993). Therefore, organic LEDs and colloidal quantum dot (QD) LEDs have been developed, which can be processed using low-cost and low-temperature methods. High-efficiency organic and colloidal quantum dot LEDs with tuneable emission wavelengths have been reported (Borek et al., 2007; Hinds et al., 2007; Supran et al., 2015; Kim et al., 2018). Although organic LEDs can be fabricated in a facile manner, the synthesis of organic materials with emissions in the infrared range involves complex processes. Moreover, such LEDs exhibit low thermal stability and luminance (Sandanayaka et al., 2015). Colloidal QD LEDs offer several advantages such as high brightness, high efficiency and solution-processing compatibility. However, the use of cadmium (Cd) and lead (Pb) is harmful to the environment, and the synthesis of QDs requires high-temperature reactions to be performed over long periods (Shirasaki et al., 2013).
Metal halide perovskites exhibit excellent optoelectronic properties such as long charge carrier diffusion length, bandgap tuneability, high defect tolerance and high photoluminescence quantum yield and can thus be applied in several optoelectronic devices (Sutherland and Sargent, 2016; Song et al., 2019). The general formula of perovskites is ABX3, where A is an organic cation (MA, FA, or Cs), B is a divalent metal (Pb2+ or Sn2+) and X is a halide anion (I−, Br− or Cl−). The most recently reported power conversion efficiency (PCE) of Pb-based perovskite solar cells has reached 25.7% (NREL, 2022). LEDs with emission wavelengths ranging from 400 to 800 nm have been demonstrated based on Pb-based perovskites. The peak external quantum efficiency (EQE) of LEDs has undergone a rapid increase from lower than 1% in 2014 to higher than 20% in 2021 (Deschler et al., 2014; Cao et al., 2018; Chiba et al., 2018; Lin et al., 2018; Li et al., 2019; Wang et al., 2019; Chen et al., 2021; Liu et al., 2021). However, the emission wavelength of Pb-based perovskites is tuneable only to near 800 nm, which limits their NIR applications. Narrow-bandgap materials must be used to obtain longer wavelength emissions. Moreover, the toxicity of Pb hinders the commercialisation of perovskite LEDs (Liu et al., 2018; Zhu et al., 2020). Replacing all or part of the Pb content with tin (Sn) can alleviate the problems associated with the toxicity of Pb (Wang et al., 2017; Zhang et al., 2018; Lin JT. et al., 2019; Jiang et al., 2020; Wang et al., 2020). The replacement of Pb with Sn can also obtain smaller bandgaps than those of Pb-based perovskites, resulting in longer wavelength emissions (Hao et al., 2014; Lai et al., 2016).
Sn-based perovskites with long emission wavelengths have emerged as promising candidates for preparing NIR-LEDs. In 2016, Lai et al. demonstrated tuneable NIR electroluminescence in Sn halide perovskites by adjusting the halide content of I− and Br−. The authors achieved a 945 nm emission with a radiance of 3.4 W sr−1 m−2 and maximum EQE of 0.72% (Lai et al., 2016). For high device performance, a uniform perovskite film must be needed. Hong et al. prepared all-inorganic CsSnI3 films via the toluene dripping method and observed the presence of compact micrometre-sized grains with extremely few pinholes or cracks at the grain boundaries. The NIR-LEDs with the CsSnI3 film exhibited an emission peak at 950 nm with a maximum radiance of 40 W sr−1 m−2 (Hong et al., 2016). Since these studies, the EQE has been gradually increased, but device advancements have proven challenging. In 2021, Lu et al. used a dendritic structure to develop an efficient CsSnI3-based perovskite NIR-LED. They found unbalanced charge injection, that the hole injection is higher than that of electron, was a cause of poor device performance. The dendritic structure remedied this by increasing electron injection, and the CsSnI3-based perovskite LEDs based on this structure obtained a record EQE of 5.4% with an acceptable efficiency roll-off and a high radiance of 162 W sr−1 m−2 (Lu et al., 2021). However, the efficiency of Sn-based NIR-LEDs remains considerably lower than that of Pb-based devices owing to the rapid oxidation of Sn2+ to Sn4+, which leads to poor device performance and accelerates degradation. Although the complete replacement of Pb with Sn seems challenging at present, this issue was expected to be solved by partially replacing Pb2+ with Sn2+.
Mixed Sn-Pb perovskites, which exhibit a small bandgap around 1.2 eV, have been used to construct high-efficiency low-bandgap perovskite solar cells and all-perovskite tandem devices (Eperon et al., 2016; Lin et al., 2022; Yu et al., 2022). Moreover, mixed Sn-Pb halide perovskites possess superior stability, as compared to pure Sn perovskites (Leijtens et al., 2017; Lin R. et al., 2019; Yang et al., 2019). Recently, Qiu et al. tuned the NIR spectral region from 800 to 950 nm by changing the ratio of Pb2+ and Sn2+. Furthermore, the authors showed that the addition of 4-fluorobenzylammonium iodide (FPMAI) yielded the best-performing device achieving a maximum EQE of 5% with an emission peak at 917 nm (Qiu et al., 2019). In general, photoluminescence (PL) at 900–1000 nm is suitable for biomedical imaging, information communication and wound treatment. Although the performance of mixed Sn-Pb perovskite devices with longer wavelength emissions is inferior to that of Pb-based perovskites, the tuneable wavelength emission and NIR up to wavelengths of ∼1000 nm is very attractive for perovskite NIR-LEDs.
In this study, we systematically investigated the properties of MASnxPb1-xI3 (MA), FASnxPb1-xI3 (FA) and CsSnxPb1-xI3 (Cs) (x = 0, 0.2, 0.4, 0.6, 0.8 and 1), focusing on their optical, structural, morphology and electronic properties. Ultraviolet–visible (UV–vis) absorption, PL emission and PL lifetime were measured to study the optical properties, and X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses were performed for structural and morphological characterisation. The ultraviolet photoelectron spectroscopy (UPS) was performed for electronic properties. The results demonstrated that the emission wavelength could be tuned from 710 nm to approximately 950 nm by changing the Sn:Pb ratio. The structure, morphology and optical properties associated with different compositions were compared, and the results indicated that the MA- and FA-based mixed Sn-Pb perovskites are promising candidates for manufacturing next-generation NIR emitters with wavelengths exceeding 900 nm and high spectral tuneability. Moreover, from the results of bandgap values of these perovskites compositions, we clarified the influence of cations on the bandgap bowing and electronic properties of mixed Sn-Pb halide perovskites.
RESULTS AND DISCUSSION
All of the perovskite films were prepared by solution processing, and the mixed Sn-Pb halide perovskite solutions were prepared by mixing pure Pb-based and Sn-based perovskite solutions in stoichiometric ratios (details are provided in the Experimental Section). To investigate the effect of the Sn:Pb ratio on the optical properties, we performed various characterisations and measurements, including UV–vis absorption, PL emission and PL lifetime measurements. Notably, the characterisations were performed in the ambient environment, and Sn-based perovskites, especially all-inorganic CsSnI3 perovskites, are easily degraded in air. Therefore, a small amount of phenylammonium iodide (PEAI) was added to the Cs-based perovskite precursor solutions to enhance their stability. To maintain uniformity, an equal amount of PEAI was also added to the precursor solutions of the FA- and MA-based perovskites. PEAI is widely used in perovskite solar cells to improve device stability, usually in one of two ways: 1) PEAI can replace a certain fraction of MA, FA and Cs cations to form a protecting layer with a two-dimensional (2D) or 2D/3D perovskite structure. 2) Alternatively, a small amount of PEAI can be added into the standard precursor solution so that it does not form 2D perovskites but binds to the crystal surface as capping ligands to stabilize the existing perovskite structure (Fu et al., 2017; Kuo et al., 2021; Zhang et al., 2021). In this work, to maintain the 3D structure of the films, we followed the practice of 2) and added only a small amount of PEAI into the standard precursor solutions by volume.
Specifically, first, we added a 50 μL PEAI solution with a concentration of 100 mg/ml to the standard perovskite precursor solutions. XRD measurements were performed to examine whether the addition of PEAI changed the structure of the perovskites. The XRD patterns of the reference films are shown in Supplementary Figure S1. The peak at 2θ = 11.7° is correlated to δ-FAPbI3 (yellow phase) in the FAPbI3 film, while the peak at 2θ = 13.9° represents the α-FAPbI3 (black phase). The XRD patterns of films with added PEAI are shown in Supplementary Figure S2. The peak at 11.7° is weak in the FAPbI3 film deposited with the presence of PEAI. While a new peak can be observed at a small 2θ angle of approximately 7.1°, indicating the formation of the 2D perovskite structure. To maintain the 3D structure, we next decreased the PEAI concentration to 50 mg/ml. Figure 1 shows the XRD patterns of the resulting perovskite films. No new peaks were observed, which indicated that this amount of PEAI did not change the structure of the perovskites. Figure 1A shows the XRD patterns of the MASnxPb1-xI3 perovskites. The XRD intensity increased with the increase in the Sn proportion. Consequently, the MASnI3 exhibiting the highest intensity. This demonstrated that the Sn-based perovskites exhibited better crystallisation than the Pb-based perovskites. A similar trend was observed for the FA-based perovskites, as shown in Figure 1B, wherein the XRD intensity increased as the Sn proportion increased. Interestingly, the FASnI3 did not exhibit the highest intensity, possibly because of the inferior film morphology featuring large pinholes as compared to the mixed Sn-Pb perovskites. In the case of the Cs-based perovskites, the intensities of the mixed Sn-Pb halide and pure Sn perovskites were higher than those of the pure Pb perovskite, although a clear rule could not be identified (Figure 1C). To examine the effect of the Sn:Pb ratio on the crystallinity, we compared the (110) peak intensities of different compositions (Figure 1D). The results showed that the intensity increased with the increase in the Sn:Pb ratio, and the highest intensity was observed when Sn:Pb ratio is 8:2 (except in the case of MASnI3). This behaviour was attributable to two factors. First, the Sn:Pb ratio may have changed the tolerance factor, thereby affecting the XRD intensity, as reported in a previous study (Kieslich et al., 2015). We calculated the tolerance factor of each composition and found that with the increase of Sn ratio, the values get closer to 1(Supplementary Figure S3 and Supplementary Table S1). Second, the complex morphology, especially the film coverage, may have affected the XRD intensity. The SEM images showed a varied morphology for the mixed Sn-Pb halide perovskites while the pure Sn-based perovskite films had large pinholes in MA- and Cs-based perovskites. In contrast, the morphology of the FA-based mixed Sn-Pb halide perovskites was relatively smooth, and the grains were uniform (Supplementary Figure S4).
[image: Figure 1]FIGURE 1 | XRD patterns of (A) MASnxPb1-xI3, (B) FASnxPb1-xI3 and (C) CsSnxPb1-xI3; (D) (110) peak intensity for each composition.
Among the MA-, FA- and Cs-based perovskites, the MA-based perovskites exhibited the highest XRD intensity, corresponding to the highest crystallinity. Moreover, compared with those of the pure Pb-based perovskites, the XRD peaks of the mixed Sn-Pb halide and pure Sn-based perovskites shifted slightly towards larger angles, indicating the incorporation of Sn2+, which has a smaller ionic radius than Pb2+ (Supplementary Figure S5). The relationships between the angle shift of the XRD peak and the Sn:Pb ratio in the three perovskite systems are presented in Supplementary Figure S5. The FA- and Cs-based perovskites exhibited the smallest and largest shifts in angle, respectively, indicating that the Sn:Pb ratio most notably influenced the lattice in Cs-based perovskites.
The absorption spectra of mixed Sn-Pb halide perovskites can be tuned by changing the Sn-Pb stoichiometry (Lim et al., 2021; Savill et al., 2021). Figure 2 shows the absorption spectra of perovskites with different Sn:Pb ratios. All materials exhibited strong absorption in the visible spectral region, and in the mixed Sn-Pb halide perovskites the absorption region extended to ∼950 nm. The absorption region of the MA- and FA-based perovskites did not follow a linear trend as a function of x, in contrast to the case of the Cs-based perovskites. For example, Figure 2A shows that for the MA-based perovskites, the absorption edge initially red-shifted from approximately 800–1000 nm as the Sn content increased, followed by a blue-shift when the Sn-Pb ratio further increase to 8:2 or even pure Sn perovskite. Similar trend was observed for the FA-based perovskite systems, as shown in Figure 2B. These results are consistent with those reported previously (Hao et al., 2014; Goyal et al., 2018). In contrast to the MA- and FA-based perovskites, the Cs-based perovskites did not exhibit a blue-shift at the high Sn-Pb ratio (Figure 2C), probably because of the absence of organic cations (Hu et al., 2020; Xia et al., 2020), as discussed in the following paragraph. In addition, we compared the absorption intensity of each composition, as shown in Figure 2D. All materials exhibited relatively high absorption intensity, although the intensity decreased as the Sn ratio increased. The pure Sn-based perovskites thus exhibited the lowest absorption intensity, probably because of the high concentration of Sn-related defects and poor film morphology owing to the fast crystallisation of Sn-based perovskites.
[image: Figure 2]FIGURE 2 | Optical absorption properties of (A) MASnxPb1-xI3, (B) FASnxPb1-xI3 and (C) CsSnxPb1-xI3; (D) absorption intensity for each composition.
To investigate the influence of the Sn:Pb ratio on the energy levels of the mixed Sn-Pb halide perovskites, UPS analysis was performed to derive the secondary electron cut-off and valence band (VB) edge of the perovskites. Using these results and the absorption spectra, we calculated the conduction band (CB). The energy levels of MA-, FA- and Cs-based perovskites are shown in Figures 3A–C, respectively. The UPS spectra are shown in Supplementary Figure S6. The bandgaps for each composition are summarised in Figure 3D. Compared with the Cs-based perovskites, the MA- and FA-based perovskites exhibited an obvious bowing effect, and the lowest bandgap was achieved when the Sn:Pb ratio is 4:6 or 6:4.
[image: Figure 3]FIGURE 3 | Energy levels of (A) MASnxPb1-xI3, (B) FASnxPb1-xI3 and (C) CsSnxPb1-xI3 where x = 1, 0.2, 0.4, 0.6, 0.8, 0; (D) relationship between bandgap and Sn:Pb ratio.
The nonlinear bandgap behaviour of mixed Sn-Pb halide perovskites is a consequence of chemical effects and the mismatch energy between the s and p atomic orbitals of Pb and Sn. The Sn-s and Sn-p atomic orbitals are less strongly bound than those in the corresponding Pb state. Consequently, the VB maximum in the alloy is derived from interactions between the Sn-s and I-p orbitals, and the CB minimum is derived from the Pb-p and I-p orbitals. As a result, the bandgap is smaller than that of either end compound (Goyal et al., 2018). While the Cs-based perovskite did not exhibit this behaviour, with the observed trend being nearly linear, the bandgap decreased as the Sn content increased and CsSnI3 exhibited lowest bandgap. These findings are consistent with those reported previously, in which the absence of this trend was attributed to the absence of organic cations (Hu et al., 2020; Xia et al., 2020). Xia et al. investigated the electronic properties of all-inorganic perovskite CsSn1-xPbxBr3 and MAyCs1-ySn1-xPbxBr3 materials. The authors demonstrated that the Sn and Pb atoms occupied distinct sites in the two mixed compounds, and the bandgap bowing parameter of CsSn1-xPbxBr3 was the smallest among all the considered perovskite materials. This result indicated the influence of cations on bandgap bowing effect (Xia et al., 2020). Comparing the maximum and minimum bandgaps for the three perovskite systems showed that the bandgap for the Cs-based perovskites exhibited the largest change, from approximate 1.7 eV to near 1.3 eV, indicating that bandgap tuning is easier to achieve with Cs-based perovskites. This result is consistent with those derived from the XRD patterns. The largest angle shift was observed for Cs-based perovskites, which indicates that Sn2+ replacement influences the lattice structure for these perovskites more significantly than for the MA- and FA-based perovskites (Hee et al., 2019; Kim et al., 2019).
The PL properties of all of the perovskites were measured at room temperature by using a green light emission source with a wavelength of 532 nm. The Sn and Pb compounds exhibited intense PL emissions. The Pb analogues exhibited a peak emission wavelength in the 700–800 nm range, and the mixed Sn-Pb and Sn analogues exhibited emissions at longer wavelengths, between 850 nm and around 1000 nm, covering a broad region of the NIR spectrum (Figure 4). An obvious shift in the peak emission wavelength was observed, consistent with the corresponding absorption energy edge. For example, in the case of the MA-based perovskites, MAPbI3 exhibited the peak emission at 766 nm. However, as the addition of Sn (x = 0.2, 0.4, 0.6, 0.8), the emission maximum red-shifted to 860 nm, 969 nm, 974 nm and 982 nm, respectively, followed by a blue-shifted emission to 960 nm when further increasing Sn proportions to the pure Sn perovskite, i.e., MASnI3 (Figure 4A). This result is consistent with the anomalous bandgap that was reported for mixed Sn-Pb halide perovskites (Hao et al., 2014). The PL emission spectra of the FA- and Cs-based perovskites are shown in Figures 4B,C, the peak position of each composition is plotted in Figure 4D, and the peak position data are summarised in Supplementary Table S2. The reddest emission was achieved by MASn0.8Pb0.2I3, with a wavelength at 982 nm in the NIR. The characterization results showed that Sn:Pb ratio of 8:2 is the turning point for the most properties of perovskites, which is suspected to be related to tolerance factor. As shown in Supplementary Figure S3, the tolerance factor for the Sn:Pb ratio 8:2 approached 1, similar to that of the pure Sn-based perovskites.
[image: Figure 4]FIGURE 4 | Normalised PL spectra of (A) MASnxPb1-xI3, (B) FASnxPb1-xI3 and (C) CsSnxPb1-xI3; (D) PL peak position of each composition.
Similar to the results for the absorption spectra, the Cs-based mixed perovskites covered a wide PL emission range from 716 to 960 nm. In addition to the variation in peak shift, the full-width half-maximum of the PL spectra were considerably different, as shown in Figures 4A,B, attributable to the poor, non-uniform morphology of the films, as shown in Supplementary Figure S4. Park et al. reported that the film microstructure (i.e., grain size, roughness and presence of defects) can influence the PL properties (Park et al., 2018). The PL intensity of each composition is shown in Supplementary Figure S7. The Cs-based perovskites exhibited the weakest PL intensity, attributable to either the instability of Cs-based perovskites or the poor morphology of the films, as observed in the SEM images.
Compared with the absorption spectra, the PL spectra exhibited an obvious blue shift, caused by the Stark effect (Roiati et al., 2014; Pazoki et al., 2017). The Stark shifts calculated from the absorption and PL spectra are shown in Supplementary Figure S8. The Cs-based perovskites exhibited a small Stark shift of approximately 10 nm, whereas the FA- and MA-based perovskites exhibited a large Stark shift of about 50 nm. Typically, the Stark shift is associated with photon reabsorption, and a large Stark shift indicates weak reabsorption. Therefore, the findings demonstrate the strong reabsorption capacities of the Cs-based perovskites.
Figure 5 shows the PL lifetimes of the perovskite films, acquired using a laser as the excitation source with a central wavelength at 532 nm and a repetition rate of 1 kHz. Figure 5A shows the PL lifetimes of the MA-based perovskite films with different Sn:Pb ratios. The MASnI3 perovskites exhibited the longest lifetimes. In the case of the mixed Sn-Pb halide perovskites, as the Sn:Pb ratio increased, the PL lifetime continued to increase, and the Sn:Pb ratio of 8:2 corresponded to longer lifetime. Similar trend was observed for the FA-based perovskites (Figure 5B). The PL lifetime of the FA-based perovskites was longer than that of the MA-based perovskites, indicating slower recombination. This result is attributable to the higher formation energy of Sn vacancy for FASnI3 perovskites compared with that of MASnI3 perovskites (Shi et al., 2017). As shown in Figure 5, certain PL lifetime data could not be obtained owing to weak signals, as observed for the PL intensity without normalisation (Supplementary Figure S7). The PL lifetime of the Cs-based perovskite films was not measured since the instability of these perovskites in atmospheric conditions (Cs-based perovskites are prone to phase transformation and rapid oxidation in air).
[image: Figure 5]FIGURE 5 | PL decay lifetime of perovskites: (A) MASnxPb1-xI3, (B) FASnxPb1-xI3.
CONCLUSIONS
We investigated the optical, structural, morphology and electronic properties of a broad family of hybrid Sn and Pb iodide compounds with MA, FA and Cs cations stabilised in a 3D perovskite structure. Table 1 summarises the crystallisation, film morphology, lattice change, bandgap range, emission properties and Stark shift of all of the mixed Sn-Pb halide perovskites. In comparison with the MA- and FA-based perovskites, the Cs-based perovskites exhibit a larger bandgap change and wider PL spectrum coverage; however, owing to their low phase stability, it is difficult to fabricate efficient LEDs using the Cs-based perovskites. The properties of the FA- and MA-based perovskites were comparable, and these materials were superior to the Cs-based perovskites in terms of PL, crystallisation and stability. Therefore, MA- and FA-based mixed Sn-Pb halide perovskites are promising candidates for manufacturing low-cost, efficient NIR-LEDs. Moreover, we conclude that Cs-based mixed Sn-Pb halide perovskites do not exhibit an obvious bowing effect due to the absence of organic cations.
TABLE 1 | Summary of the material and spectral properties of the mixed Sn-Pb halide perovskites.
[image: Table 1]EXPERIMENTAL SECTION
Precursor Solution Preparation
The MAPbI3 precursor solution was prepared by dissolving 0.3 M MAI and 0.3 M PbI2 in 630 μL N,N-dimethylmethanamide (DMF) and 70 μL dimethylsulfoxide (DMSO). The MASnI3 precursor was prepared by dissolving 0.3 M MAI and 0.3 M SnI2 with 10 mol% (2.4 mg) of SnF2 in 800 μL DMF and 200 μL DMSO. The mixed Sn-Pb perovskite precursor solution was obtained by mixing the MAPbI3 and MASnI3 precursor solutions in stoichiometric amounts. The FAPbI3 precursor solution was prepared by dissolving 0.3 M FAI and 0.3 M PbI2 in 800 μL DMF and 200 μL DMSO. The FASnI3 precursor was prepared by dissolving 0.3 M FAI and 0.3 M SnI2 with 10 mol% (2.4 mg) of SnF2 in 800 μL DMF and 200 μL DMSO. The mixed Sn-Pb perovskite precursor solution was obtained by mixing the FAPbI3 and FASnI3 precursor solutions in stoichiometric amounts. The CsPbI3 precursor solution was prepared by dissolving 0.3 M CsI and 0.3 M PbI2 in 900 μL DMF and 100 μL DMSO. The CsSnI3 precursor was prepared by dissolving 0.3 M CsI and 0.3 M SnI2 with 10 mol% (2.4 mg) of SnF2 in 800 μL DMF and 200 μL DMSO. The mixed Sn-Pb perovskite precursor solution was obtained by mixing the CsPbI3 and CsSnI3 precursor solutions in stoichiometric amounts. Moreover, 50 μL of PEAI with a concentration of 50 mg/ml in DMF was added to all precursor solutions.
Perovskite Film Preparation
The patterned ITO-coated glass was cleaned through sonication by using a detergent, deionised water, acetone and isopropyl alcohol. The glass was dried at 80°C in a baking oven and subjected to oxygen plasma treatment for 4 min. Subsequently, the perovskite precursor solution was spin-coated onto the ITO substrates. For the MA-based system, the perovskite precursor solutions were spin-coated through a two-step process: at 1000 rpm for the first 10 s, and at 4000 rpm for the next 30 s. In the last 15 s in the second step, an anti-solvent dripping process with chlorobenzene was used in the spin-coating. Subsequently, the perovskite film was annealed at 100°C for 10 min in an N2-filled glove box. For the FA-based system, the perovskite precursor solutions were spin-coated through a two-step process: at 1000 rpm for the first 10 s, and at 4000 rpm for the next 40 s. In the last 10 s in the second step, an anti-solvent dripping process with chlorobenzene was implemented. Subsequently, the FAPbI3 perovskite film was annealed at 160°C for 30 min, and the FASn0.2Pb0.8I3 film was annealed at 150°C for 30 min. The other films (Sn = 0.4, 0.6, 0.8, 1) were annealed at 100°C for 10 min in an N2-filled glove box. For the Cs-based system, the perovskite precursor solutions were spin-coated through a two-step process: first using 1,000 rpm for 10 s and then using 4,000 rpm for 50 s. The anti-solvent dripping process was not used in the spin-coating. The CsPbI3 film, CsSnI3 film and mixed Sn-Pb perovskite films were annealed at 150°C for 30 min, 60°C for 10 min and 100°C for 10 min, respectively.
Characterisation
The ITO/PEDOT:PSS/perovskite structures were subjected to an SEM analysis using a JSM-7001F scanning electron microscope. UV–vis absorption spectroscopy was performed using a UH4150 spectrophotometer. XRD was performed on glass/perovskite structures by using a Bruker D8 Advance X-ray diffractometer equipped with a Cu-Kα X-ray tube. UPS data were obtained using a K-ALPHA + XPS spectrometer. PL spectra were obtained using a spectrofluorometer (Perkin-Elmer LS 55). Luminescence spectra were recorded at ambient temperature using an FLS 980 spectrometer (Edinburgh Instruments) equipped with a 450 W xenon lamp. The PL decay lifetimes were measured using a μF900H high-energy microsecond flash lamp as the excitation source.
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Supplementary Figure S1 | XRD patterns of the pristine perovskite films.
Supplementary Figure S2 | XRD patterns of the perovskite films with a PEAI concentration of 100 mg/mL.
Supplementary Figure S3 | Tolerance factor for different compositions.
Supplementary Figure S4 | SEM images of the perovskite films with different Sn:Pb ratios.
Supplementary Figure S5 | A zoomed-in view of the XRD patterns of the peak at around 14°.
Supplementary Figure S6 | UPS spectra of MA-based, FA-based and Cs-based perovskites. To obtain the UPS measurements, a He I source with a photon energy of 21.22 eV was used to excite the sample.
Supplementary Figure S7 | PL spectrum for each perovskite film composition without normalisation.
Supplementary Figure S8 | Stark shift as a function of the Sn:Pb ratio.
Supplementary Table S1 | Tolerance factors of perovskite materials with different Sn:Pb ratios.
Supplementary Table S2 | Positions of the PL emission peaks of the perovskite films with different Sn:Pb ratios (nm).
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