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ABSTRACT:  Formamidinium tin iodide (FASnI3) has emerged as promising semiconductor materials for various optoelectronic applications. However, the structure-photophysical property relationship remains ambiguous owing to the ready occurrence of structural defects in the fragile lattice. Here, using FASnI3 microcrystals synthesized with tailored reaction conditions, we unveil that structural defects can induce bandgap widening and abnormal photoluminescence.  Based on combined analysis of X-ray photoelectron spectroscopy, solid nuclear magnetic resonance, and optical spectroscopy, we propose that bandgap widening could stem from defect-mediated lattice distortion. Temperature-dependent photoluminescence measurements lead us to the discovery of a new near-infrared photoluminescence band between 185 and 10 K and negative thermal quenching in a broad range of 110~200 K. We believe that the knowledge gained here may not only offer a plausible roadmap to prepare high-quality organic-inorganic tin halide perovskite crystals but can also deepen our understanding on the relationship between defects and photophysical properties of tin-based perovskites.
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Recent years have witnessed substantial research efforts and rapid technological development of lead (Pb) halide perovskites in a range of optoelectronic devices, such as solar cells, light-emitting diodes, and photodetectors.1-5 Nevertheless, one of the remaining challenges for their commercialization is the toxicity issue of Pb element that can cause neuron damage and anemia.6 The ideal element replacing Pb is tin (Sn) owing to its similarity in ionic radius (i.e. 1.19 and 1.18 Å for six-coordinated Pb2+ and Sn2+ ions, respectively) and valence electronic configuration (ns2sp2) with Pb7, as well as its lower toxicity and negligible bioavailability.8 In the past decade, thanks to the intensive efforts of chemists, material scientists, and engineers, the efficiency gap of tin halide perovskite based optoelectronic devices with that of their Pb-based counterparts is gradually narrowing. 9-13 For example, the external quantum efficiency of red-light emitting diodes based on tin halide perovskite has exceeded 20%14; and the power conversion efficiency of tin halide perovskite based solar cells has reached over 14%.15 
[bookmark: OLE_LINK9][bookmark: OLE_LINK8]Among all-inorganic and organic-inorganic tin halide perovskites, the power conversion efficiencies of solar cells based on formamidinium (FA) tin triiodide (FASnI3) are higher than those based on all-inorganic cousins.15-19 FASnI3 exhibits an ideal bandgap of ~1.41 eV close to the optimum bandgap (1.34 eV) of single junction solar cell that can approach the Shockley-Queisser efficient limit (33%).20 Interestingly, a recent finding reveals that when the size of FASnI3 crystals is down to several nanometers, strong quantum confinement results in separate energy levels in band structure, slowing down the relaxation of hot carriers.21 This effect can alleviate the energy loss of hot carriers via phonon emission, leading to a higher theoretical solar conversion efficiency up to 66%.22 Despite steady research progress of optoelectronic applications based on polycrystalline films and synthetic chemistry of high-quality crystals,11, 23 it still lacks deep understanding of the structure-photophysical property relationship of FASnI3 perovskites. An unusual large blue shift of photoluminescence (PL) with increasing excitation power was attributed to slow hot carrier relaxation and state-filling of band edge state.24 Previous work has revealed that FASnI3 perovskite displays bandgap widening upon raising temperature, which is opposite to the normal trend in traditional semiconductors; this was attributed to the overcome of the classical thermal broadening of electronic bands by the emphanitic Sn2+ displacement.25 Kahmann et al. observed similar bandgap widening phenomena and found negative thermal quenching of PL for a high-quality crystal.26 Additionally, Ozaki et al. found that incorporating SnF2 into the precursors can lead to polycrystalline FASnI3 perovskite film with a smaller bandgap.27 However, it was found that the introduction of SnF2 reduces the doping and passivates Sn4+ trap states but conversely introduces additional non-radiative decay channels in the bulk that fundamentally limit the radiative efficiency.28 We note that tin halide perovskites used for the study of structure-photophysical properties were commonly prepared by solution casting process or solid-state reaction and feature massive defect concentrations that leads to extremely low PLQYs.
      Previous work has shown that defects can impact the structure and the photophysical properties of Pb halide perovskites.29-31 Compared with Pb-based cousins, FASnI3 suffers from a soft ionic lattice and easy oxidation of Sn2+. Although the crystal quality of FASnI3 films can be optimized by various strategies including the use of additives, reducing agents, and solvent engineering,32 it still remains challenging to obtain microcrystals with a measurable PLQY. Theoretical calculations suggest the low formation energies of some structural defects in FASnI3, such as Sn vacancy (VSn) and FA vacancy (VFA).33 These defects might not only act as trap states influencing the recombination of photo-generated carriers, but also could change the lattice symmetry in FASnI3.34 We therefore hypothesized that the existence of defects could make the structure of FASnI3 different and thus could lead to the change of the photophysical properties. If we could develop a strategy to synthesize FASnI3 crystals with tailored defect states, we could use them as model systems for gaining deep insight into the relationship between the structure and photophysical properties.   
Inspired by our previous work in cesium tin iodide (CsSnI3) nanocrystals (NCs),35 here we rationally tune the reactant ratio of the precursors to create a tin-rich reaction condition for the synthesis of a series of FASnI3 microcrystals with PLQYs ranging from 3.8% to 8.0%. Interestingly, we uncover an unconventional bandgap widening by 0.23 eV for the sample with a low PLQY. Based on detailed structural characterizations including X-ray photoelectron spectroscopy (XPS) and 199Sn solid-state nuclear magnetic resonance (NMR), we show that structural defects, such as Sn4+ impurities and/or point defects could lead to the structural distortion and bandgap widening. We also demonstrate that degradation in air can also argument abundant structural defects leading to luminescence quenching and slightly larger bandgap. Importantly, we discover a near-infrared PL band between 185 and 10 K and negative thermal quenching in a broad range of 110~200 K, both of which are associated with structural defects.    
We synthesized FASnI3 microcrystals by a simple solvent-thermal method (See Experimental Section in Supporting Information), in which four reactant ratios of FA-oleate to SnI2 (1:1.3, 1:2.1, 1:3.2, and 1:3.5) were used. The samples are denoted by these ratios. Powder X-ray diffraction (PXRD) patterns of the as-prepared four products match the cubic perovskite structure, in accordance with ever reported FASnI3 bulk and NCs (gray line),21, 26 without additional crystalline phases (Figure 1a). Transmission electron microscopy (TEM) images show the particle size up to several hundred nanometers (Figure S1). Considering the large particle size, we classify them to microcrystals instead of NCs. Obvious agglomeration of FASnI3 microcrystals can be found because of the lack of capping ligands.  
Next, we investigated the optical properties of FASnI3 microcrystals.  These samples demonstrate different optical absorption features (Figure 1b): with increasing Sn ratio in the reaction, the absorption edge becomes sharp. Using the Tauc Plot method,36 we calculated the bandgaps of four samples (inset of Figure 1b), which are 1.64 eV for 1:1.3, 1.44 eV for 1:2.1, 1.41 eV for 1:3.2 and 1:3.5. Figure 1c displays the PL spectra of these microcrystals. Interestingly, we find that they show different PL behaviors: for 1:1.3, the PL peak position is at ~ 874 nm; with increasing the ratio of SnI2, a distinct redshift of PL, 885 nm for 1:21, 888 nm for 1:3.2, and 890 nm for 1:3.5 occurs. In addition, the full width at half-maximum (fwhm) of PL for 1:1.3 (80 nm) is much larger than other three samples (65 nm for 1:2.1 and 1:3.2; 62 nm for 1:3.5). The PLQYs of four samples (Table1, Figure S2), 3.8% for 1:1.3, 6.1% for 1:2.1, 8.0% for 1:3.2, and 4.2% for 1:3.5, suggest that the crystal quality can be tailored by the reactant ratio. We note that the maximum PLQY of FASnI3 microcrystals is much higher than those of previously reported FASnI3 NCs.21, 37 We then carried out time-resolved PL decays to further examine the transient evolution of the photo-generated carriers. As shown in Figure 1d, all decays can be fitted well by a biexponential function, and the calculated average lifetimes are 2.29, 3.67, 4.32, and 2.35 ns for 1:1.3, 1:2.1, 1:3.2, and 1:3.5, respectively (Table 1). Using PLQYs and average lifetimes, we evaluated the radiative and nonradiative decay rates based on the following equations:


[bookmark: _Hlk169358821]where rad and non-rad are the radiative and non-radiative recombination rates, respectively, and τave is the average lifetime of the samples. We note that after changing the ratio of FA: SnI2 from 1:1.3 to 1:3.2, the radiative recombination rate slightly increases from 16.59 s-1 to 18.56 s-1, but the non-radiative recombination rate greatly decreases from 420.09 s-1 to 213.46 s-1 (Table 1), suggesting effective suppression of non-radiative recombination. Compared with the tin-poor reaction condition, rationally creating a tin-rich environment can suppress the formation of tin-related structural defects, such as VSn and/or Sn4+ self-doping,35 which leads to the increase in PLQY and suppression of non-radiative recombination when changing the ratio of FA: SnI2 from 1:1.3 to 1:3.2. However, further increasing the ratio results in a larger nonradiative recombination rate, which could be attributed to the occurrence of other structural defects, such as VFA that has a low defect formation energy.33 Our experimental results clearly indicate that increasing the Sn chemical potential favors a better quality of FASnI3 crystal. 
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Figure 1. (a) Powder XRD patterns of FASnI3 microcrystals synthesized under different FA: SnI2 ratios. (b) PL spectra of FASnI3 microcrystals synthesized with different FA: SnI2 ratios. (c) Absorption spectra of FASnI3 microcrystals synthesized under different FA: SnI2 ratios. The data was collected in reflectance model and then converted to absorbance curves by the Kubelka-Munk function. Inset is the Tauc Plot spectra for the calculation of the bandgaps. (d) PL decay traces of FASnI3 microcrystals synthesized with different FA-oleate: SnI2 ratios. 


1


2


Table 1. Fitted lifetimes (τ1, τ2), average lifetimes (τave) using a biexponential function, and PLQYs, calculated radiative ( rad), nonradiative (non-rad) decay rates of FASnI3 microcrystals synthesized under different FA: SnI2 ratios.
	[bookmark: _Hlk164442039]FA: SnI2
	A1
	τ1 (ns)
	A2
	τ2 (ns)
	τave (ns)
	PLQY (%)
	rad (s-1)
	non-rad (s-1)

	1:1.3
	0.73
	1.99
	0.27
	3.85
	2.29
	3.8
	16.59
	420.09

	1:2.1
	0.59
	2.86
	0.41
	6.19
	3.67
	6.1
	16.62
	255.86

	1:3.2
	0.33
	2.69
	0.67
	6.11
	4.31
	8.0
	18.56
	213.46

	1:3.5
	0.65
	1.98
	0.35
	3.60
	2.35
	4.2
	17.87
	407.66



[bookmark: _Hlk169389164][bookmark: _Hlk169389110][bookmark: OLE_LINK3]As discussed above, sample 1:1.3 has a widened bandgap by ~0.23 eV compared with 1:3.2 (Figure 1c). Firstly, we exclude the possibility of quantum confinement because the particle size of FASnI3 microcrystals is much larger than the exciton Bohr radius in FASnI3 (3.5-4.4 nm).37 Only when the particle size is close to the exciton Bohr radius of the crystals, the bandgap widening could be observed. Previous work suggests that structural distortion, such as Sn2+ off-centering and/or I disorder, accounts for the bandgap widening in FASnI3.25, 37 To gain a deeper understanding of the structural nature of FASnI3 microcrystals, we then conducted the XPS and 199Sn solid-state NMR measurements. We particularly chose 1:1.3 and 1:3.2 for these measurements because they have notable difference in PLQY and bandgap. As shown in Figure 2a, the Sn 3d high-resolution XPS spectra of both samples are asymmetric, indicating the presence of more than one oxidation state of Sn. Four components in the fitted spectrum for 1:1.3 can be readily observed: the peaks located at 495.3 eV and 486.9 eV can be assigned to Sn 3d3/2 and  Sn 3d5/2, which accords with the binding energies of Sn4+, while those located at 494.2 eV and 485.8 eV to Sn 3d3/2 and Sn 3d5/2 from Sn2+;38 the calculated concentration of Sn4+ in 1:1.3 is 23.2%. For 1:3.2 synthesized at the Sn-rich condition, Sn4+ signals appear at 494.9 eV and 486.6 eV for respective Sn 3d3/2 and Sn 3d5/2, while Sn2+ signals are at 494.1 eV and 485.7 eV. Importantly, the concentration of Sn4+ in 1:3.2 is distinctly reduced to 16.0%, suggesting that a Sn-rich reaction condition can alleviate the occurrence of Sn4+ during the crystal nucleation and growth. Figure S3 shows the high-resolution I 3d spectra of two samples. We did not observe additional oxidation states of iodine; a peak shift of ~0.17 eV to higher binding energy in 1:3.2 compared to that in 1:1.3 is reasonable since less Sn4+ in 1:3.2 might impact the electronic density around I-. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK6]Figure 2b exhibits 199Sn solid-state NMR spectra that were calibrated by tetramethyltin (SnMe4). The 199Sn chemical shift in 1:1.3 (-88 ppm) is significantly upfield shift compared with that in 1:3.2 (53 ppm). Such a large shift indicates the different coordination environment of Sn. Previous study on the degraded tin halide perovskites shows that the presence of oxidized products lead to upfield shift signals.39 We note that the signal at -88 ppm cannot be ascribed to the crystalline phase of FA2SnI6 that shows a chemical shift near -4800 ppm,39 which is consistent with the absence of diffraction peaks of FA2SnI6 (Figure 1a). We consider that a high degree of Sn4+ self-doping in FASnI3 could attract more I- ions to coordinate with Sn ions, resulting in higher electronic density around Sn and thus enhanced the shielding effect. Owing to the cubic phase of FASnI3 at room temperature, the 199Sn NMR signal of 1:3.2 exhibits better symmetry without the presence of chemical shift anisotropy. However, for 1:1.3, a broader and asymmetric peak is observed. We surmise that the existence of more defects in 1:1.3 could induce lattice disordering, although it exbibits a (pseudo)cubic phase as suggested by XRD (Figure 1a). The structural disordering has multiple possibilities, for example, iodide-disorder-induced polymorphous instead of monomorphous nature of cubic halide perovskites,37,40 Sn off-centering,25 and contractive or expanded octahedra resulting from varied Sn-I bond lengths. 
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[bookmark: _Hlk169353541]Figure 2. (a) High resolution XPS spectra of Sn 3d doublet for 1:1.3 and 1:3.2. The fitted peaks colored in organic and green originates from Sn4+ and Sn2+, respectively. (b) 199Sn solid-state NMR spectra for 1:1.3 and 1:3.2. The spectra were referenced to SnMe4.

Degradation of tin halide perovskites in air is another process to generate structural defects. We then explored the bandgap variation during the degradation of FASnI3 microcrystals under ambient environment. Firstly, we measured the PL spectra of two samples, 1:1.3 and 1:3.2, when they were exposed to air. As seen in Figure 3a, 1:1.3 shows a quick PL intensity drop after 5 min in air, accompanied by ~14 nm blueshift of PL peak to ~860 nm.  An fwhm of PL for 1:1.3 exposed in air for 5 min is ~ 120 nm that is larger than the fresh one (~80 nm); after 20 min and 40 min, there is a further decrease in PL intensity. For 1:3.2, we can also observe the blueshift of its PL to ~870 nm after 40 min. With the degradation of FASnI3 microcrystals, an increase in fwhm is also apparent: the fwhm of the PL after exposure in air for 40 min is 96 nm, greatly larger than 65 nm of the fresh one. Our results indicate that the degradation of FASnI3 is connected with its quality: the better the quality, the slower the degradation. Next, we measured the UV-vis-NIR absorption of two samples to gain the information of their bandgaps. We find slight bandgap widening during the degradation of FASnI3 microcrystals in air. For 1:1.3, the bandgap broadens from 1.64 eV for fresh one to 1.67 eV after exposure to air for 40 min; for 1:3.2, the bandgap changes from 1.41 eV to 1.43 eV after 40 min (Figure 3c, d). Around 20-30 meV widening in bandgap accords with their PL blueshift (~22.3 meV for 1:1.3 and ~28.9 meV for 1:3.2). Previous work on the organic-inorganic tin halide perovskite polycrystalline films also revealed the bandgap widening during the oxidation upon exposure to ambient conditions.27 It is noted that without exposure to air FASnI3 microcrystals are stable as evidenced by unchanged PL properties after 24 h in an Ar-filled glovebox (Figure S4). 
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Figure 3. PL spectra of (a) 1:1.3 and (b) 1:3.2 after exposure to air for 0, 5, 20, and 40 min. The dotted lines are drawn to guide the eye. (c) Absorption spectra of 1:1.3 after exposure to air for 0, 20, 30, and 40 min. Inset is the Tauc Plot spectra for calculation of the bandgaps. The bandgaps are 1.64, 1.66, 1.66, 1.67 eV after exposure to air for 0, 20, 30, 40 min, respectively. (d) Absorption spectra of 1:3.2 after exposure to air for 0, 20, 30, and 40 min. Inset is the Tauc Plot spectra for calculation of their bandgaps. The bandgaps are 1.41, 1.41, 1.41, 1.43 eV after exposure to air for 0, 20, 30, 40 min, respectively.

[bookmark: OLE_LINK5]To understand the structural properties of FASnI3 microcrystals during the degradation process in air, we conducted XRD measurements. Figure 4a displays the XRD patterns of 1:1.3 after exposure to air for 10, 30, and 60 min. Within a short time (<10 min), the changes in the crystal structure are negligible (Figure 1a, Figure 4a). After 30 min, the intensity of diffraction peaks quickly declines, along with the broadening (inset of Figure 4a). An additional diffraction peak at ~12.3 degree after 60 min can be assigned to the FA2SnI4 phase. As a contrast, 1:3.2 has a better stability in air within 30 min (inset of Figure 4b), and a diffraction peak appears at ~12.3 degree, suggesting partial degradation of FASnI3 into FA2SnI4. The decreased crystallinity in air for both samples indicates the augment of structural defects. We further took the XPS measurement to know the surface states of degraded FASnI3 microcrystals. As shown in Figure 4c, the main peaks for both samples locate at ~495.5 eV and ~487.1 eV for Sn 3d3/2 and Sn 3d5/2, respectively, which originate from Sn4+. The concentrations of Sn4+ are 94.6% and 91.3% for 1:1.3 and 1:3.2, respectively. This suggests that the surface is dominated by Sn4+ after exposure in air, which leads to reduced crystallinity as reflected in the XRD patterns (Figure 4a, b).  
Volatile ionic lattices of organic-inorganic tin halide perovskites make the crystal structure be easily influenced by external stimulations. For example, an increasing temperature induces progressive emphatic Sn2+ off-centering and dynamic fluctuations of the perovskite lattice.25 This distortion lowers the symmetry of FASnI3 from a perfect cubic to local tetragonal or orthorhombic characters. Theoretical calculations show that low-symmetry structures influence the antibonding hybridization of Sn s and I p orbitals, resulting in lower positions of valence band maximum and thus larger bandgaps of FASnI3.26 In addition, the bending of Sn-I-Sn angle by ~10° can significantly modify the electronic structure of FASnI3 and increase the bandgap by ~0.22 eV.37,40 Our work clearly establishes that defects can induce bandgap widening in FASnI3 microcrystals. We surmise that the generation of structural defects could cause structural disordering that leads to bandgap widening, although FASnI3 still possesses a pseudocubic phase as suggested by our XRD, XPS and 199Sn solid-state NMR results (Figure 1a, Figure 2, Figure 4). Such disordering may be Sn2+ off-centering, iodide disorder, or their collective effect, all of which can impact the band structure and widen the bandgap of FASnI3 microcrystals.
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[bookmark: OLE_LINK1]Figure 4. Powder XRD patterns of (a) sample 1:1.3 and (b) sample 1:3.2 after exposure to air for 10, 30, and 60 min. The insets show their intensity changes. An additional peak at ~12.3 degree reveals the presence of oxidated FA2SnI4. (c) High resolution XPS spectra of Sn 3d doublet for 1:1.3 and 1:3.2 after exposure to air for 20 min.
[bookmark: _Hlk169354619]To further understand the impact of defects on the optical properties of FASnI3 microcrystals, we carried out temperature-dependent PL measurements. We first compared the PL performance of 1:1.3 and 1:3.2 at 0.1 MPa and under vacuum (610-4 Pa) condition at room temperature. For both samples, we observed an obvious increased fwhm in PL under vacuum condition (Figure S5). Specifically, 1:1.3 in vacuum shows a ~10 nm PL redshift and a notable PL tail extending to ~1400 nm that is much weaker in 1:3.2, suggesting the occurrence of some midgap states. This gives an indication that FASnI3 is not stable at high vacuum conditions, probably due to volatilization of some constituent elements. Coduri et al. studied the pressure-dependent photophysical properties of FASnBr3, and they found the changes in Sn-Br bond length under different pressures.41 Our results unambiguously show that low-pressure conditions can also change the photophysical properties of FASnI3 microcrystals and that more defects can be developed in poor-quality crystals. We note that the PL becomes absent under the same measurement condition after keeping 1:1.3 at the vacuum condition overnight, while the PL of 1:3.2 can be maintained. We thus chose 1:3.2 for the temperature-dependent PL measurement. Figure S6 displays the PL spectra taken from 300 to 10 K, and their color plot is shown in Figure 5a. A gradual shift of PL peak from 888 to 1150 nm is observed as the temperature decreases from 300 to 10 K, which is consistent with the results of FASnI3 thin film and single crystal.26 The PL spectra taken from 10 to 300 K resembles that from 300 to 10 K (Figure S7), suggesting the stability of FASnI3 microcrystals and the reversible temperature-dependent optical properties in the cooling-heating process. 
[bookmark: OLE_LINK7]Different from low-temperature PL of FASnI3 films or single crystals,26 we observe a new emission peak that is prominent below 185 K (Figure S6). Figure 5b and 5c exhibit two representative PL spectra at 185 K and 10 K, which we fitted by two Gaussian peaks. Compared with FASnI3 intrinsic emission (peak 1), peak 2 has weaker emission intensity, which redshifts from 926 nm at 185 K to 1026 nm at 10 K (Figure 5d). Between 185 K and 150 K, two PL spectra significantly overlap each other (Figure 5b, S6). Two possible sources, phase transition-induced intrinsic emission and luminescent defect center may lead to the occurrence of this new PL band. As is known, FASnI3 undergoes phase transition from cubic to tetragonal at 255 K and another tetragonal structure at 155 K.26 We note that this new PL band occurs at ~185 K and survives till to 10 K, which signifies that it does not result from phase transition. We speculate that a certain structural defect may be luminescence-active at low temperatures, which becomes inactive at relatively high temperatures due to phonon-assisted non-radiative recombination. Similar emission was also observed in the Ba1-xSrxSnO3 series, which was tentatively assigned to Sn2+ ions situated roughly 1.4 eV above the valence-band edge.42 Although at present we cannot identify the exact nature of luminescent defect in our sample, we surmise that its occurrence is probably related to specific undercoordinated Sn2+ ion.
Another interesting finding is that both emissions show negative thermal quenching of PL (Figure 5e). For the intrinsic emission (peak 1), the integrated PL intensity reaches to the maximum at 200 K, while continually decreases up to ~ 55% of the maximum at 110 K. Further cooling can enhance the PL intensity.  Kahmann et al. also observed this negative thermal quenching from 185 K to 150 K in FASnI3 single crystal.26 The temperature range observed here is larger than that in the single crystal. For another possible defect emission, it reaches to the maximum at 110 K, while continually decreases between 110 K and 90 K. Below 90 K, the intensity nearly stabilizes at ~67% of the maximum. Upon cooling, suppressed exciton thermal dissociation is the reason for the increased radiative recombination and thus enhanced emission, which is commonly observed in semiconductor materials. However, defect states can trap photogenerated carriers that can be thermally activated and leads to radiative recombination. We underscore that the low-temperature PL results indicate the complexity of structural defects in FASnI3 microcrystals. These defects not only could act as emission centers but also induce negative thermal quenching of PL. 
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Figure 5. (a) Contour plot of the PL spectra of 1:3.2 upon cooling from 300 to 10 K. (b) PL spectrum and fitted bands at 185 K. (c) PL spectrum and fitted bands taken at 10 K. (d) Peak positions of two emission bands at different temperatures. (e) Temperature-dependent integrated PL intensity of two emission bands. 


In summary, we have found defect-induced bandgap widening in FASnI3 microcrystals synthesized by a well-controlled method. A large bandgap widening in defect-rich FASnI3 microcrystals was discovered, which could be attributed to the deviation from the perfect cubic phase of FASnI3 caused by structural defects. We demonstrated such bandgap widening also exists in degraded FASnI3 microcrystals. Low-temperature PL measurements lead us to the finding of an unusual emission band that cannot be attributed to intrinsic emission of FASnI3, which we tentatively assign to the structural defects such as undercoordinated Sn2+ ion. We also observed a broad temperature range corresponding to negative thermal quenching of PL in FASnI3 microcrystals. Since certain applications such as solar cells and photodetectors are closely associated with the optical absorption of active layers, our work suggests the importance of developing methods that can avoid the defect formation as well as the oxidation of FASnI3. Our work offers a facile synthesis route to improve the quality of organic-inorganic tin halide perovskite crystals, which could guide further efforts on preparation of highly luminescent NCs or high-quality polycrystalline films for optoelectronic devices. The knowledge of defect-induced bandgap widening and abnormal PL gained here can help us deeply understand the structural-property relationship in organic-inorganic tin halide perovskites.     
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