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ABSTRACT 

Organic-inorganic perovskites are one of the most promising photovoltaic materials to design 

the next generation of solar cells.  Lead-based perovskite prepared with methylammonium and 

iodide was the first and still one of the most used for efficient solar cells.  However, perovskites 

prepared using formamidinium (FA) A-site cation shows several interesting properties. While 

most of the FA-based perovskites absorbers in the literature are lead halides, few information 

are available when exploring the substitution of Sn for Pb in such compounds. 

In this paper we carried out a joint experimental and computational investigation of the FAPb1–

xSnxBr3 system (i.e., 0 ≤ x ≤ 1) finding out non-monotonic band-gap evolution along with the 

Sn content. This is due to the FA cation being too large to fit into the SnBr3 cavity and inducing 

a quasi 0D structure, made by almost isolated SnBr3 units characterized by very short Sn-Br 

distances. 
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Metal-halide perovskites containing the formamidinium (FA) A-site cation, in particular 

FAPbBr3, have attracted significant interest both for the realization of perovskites solar cells 

and in the preparation of highly emitting nanocrystals.1-10 The presence of the larger FA cation, 

with respect to methylammonium (MA), imparts the perovskite with several interesting 

properties: i) stabilization of the cubic perovskite phase at room temperature in the mixed 

MA/FA systems; ii) extension of the absorption edge towards the near-IR; iii) improvement of 

the thermal and humidity stability of PSCs and nanocrystals; and iv) enhancement of the carrier 

lifetime. 5-9, 11 Most of the FA-based perovskites reported in the literature are lead halides, while 

few information are available when exploring the substitution of Sn for Pb in such compounds. 

This is an argument of great actual interest because of the debated presence of environmental 

unfriendly Pb in perovskites; and because of the tuneable band-gap which can be achieved when 

alloying Pb and Sn in mixed ASn/PbX3 perovskites.12-15 Together with Sn/Pb perovskites, pure 

solar cells based on tin halides have been extensively fabricated and showed promising 

efficiencies, with the most performing devices obtained by using a mixed cation 

FA0.75MA0.25SnI3 composition.16 The stability of Sn(II) in a working device is a challenge, but 

it is believed that the current research activities will be able to quickly move towards a 

solution.17 

Some of us have previously investigated the role of Sn doping on the MAPbBr3 

perovskite through the synthesis and characterization of the MAPb1–xSnxBr3 solid solution, 

showing a progressive reduction of the band-gap from 2.20 eV in MAPbBr3 to about 1.33 eV 

in MASnBr3.
18 This is the expected monotonic reduction of the band-gap upon increasing the 

Sn fraction predicted by modeling.14 On the other hand, a more recent study on the FA1-

xMAxSnBr3 mixed system, revealed an unusual and unexpected trend in the evolution of the 

band-gap as a function of the organic cation.19 In particular, it was observed that starting from 

FASnBr3 the band-gap value progressively decreased from about 2.4 eV (x = 0) down to ∼1.92 

eV (x = 0.82), i.e. by about 0.5 eV, followed by an up-turn to about 2.0 eV for MASnBr3, which 
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is, overall, a huge energy variation for a simple organic cation replacement. Indeed, such high 

variations are usually observed for B-cation or X-anion substitutions.14, 18, 20 The results 

reported on the FA1−xMAxSnBr3 solid solution seem to confirm the key role of structural 

distortions induced by A-site cations on the perovskite optical properties.11 

Motivated by these results, indicating a possible new scenario in the electronic structure 

evolution of FA-based tin halides, by the great appeal of FAPbBr3 for both photovoltaics and 

optoelectronic devices, and by the interest towards the replacement of Pb with Sn, we undertook 

a joint experimental and computational investigation of the FAPb1–xSnxBr3 system (i.e., 0 ≤ x ≤ 

1). We have found a non monotonic band-gap evolution with the Sn content. The pure FASnBr3 

perovskite shows a higher band-gap than the corresponding FAPbBr3 compound, with 

intermediate compositions showing a lower band-gap than FAPbBr3. Surprisingly, the high 

band-gap of FASnBr3 turns out to be the result of dynamical averaging of a quasi 0D structure, 

made by almost isolated SnBr3 units characterized by very short Sn-Br distances, similar to the 

reported rhombohedral structure for FAGeI3.
21 This is the result of the FA cation being too large 

to fit into the SnBr3 cavity, and of the high-lying Sn 5s orbitals strongly contributing to the top 

of the valence band in tin halide perovskites. Notably, this distortion is lifted in the FAPbBr3 

perovskite due to the lower energy of Pb 6s orbitals, with FASnBr3 probably representing the 

boundary compound of the 3D tin-halide perovskites domain.  

The bulk FAPb1–xSnxBr3 samples were synthesized and characterized according to the 

methods reported in the Supporting Information. FAPbBr3 crystallizes in a cubic space group 

at room temperature (Pm-3m) and undergoes two phase transitions (cubic to tetragonal between 

275 and 250 K and tetragonal to orthorhombic between 150 and 125 K) by lowering the 

temperature.22 FASnBr3 also presents a cubic Pm-3m symmetry at room temperature, thus 

anticipating the possible existence of mixed Sn/Pb systems.19  
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The room temperature laboratory X-ray diffraction patterns of the samples of the 

FAPb1–xSnxBr3 system investigated in the present work are shown in Figure 1 where x values 

refer to the effective Sn/Pb composition determined by energy-dispersive X-ray spectroscopy 

(see the Experimental Section).  

 

Figure 1. XRD patterns for the samples of the FAPb1-xSnxPbBr3 system. Patterns are vertically 

shifted to clarify viewing. Red vertical bars refer to the reflection positions for cubic structure 

(Pm-3m). 

All the patterns reported in Figure 1 display the typical reflections of the cubic structure 

of metal-halide perovskites (Pm-3m – vertical red bars) and are free from detectable impurities. 

A slight peak broadening can be observed by increasing the Sn-content, as also found in 

previous Pb/Sn systems, but all the samples retain a high level of crystallinity.18-19 By analogy 

with FAGeI3 we cannot rule out a slight trigonal distortion,21 which however cannot be 
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distinguished at the current level of XRD resolution. The cubic lattice parameter and cell 

volume determined from the refinement of the patterns are reported in Table 1. 

Table 1. Lattice parameters (a, Å) and cell volumes (V, Å3) for the investigated FAPb1–xSnxBr3 

samples as a function of the Sn content (x). 

x a  V  

0.00 5.9953(2) 215.50(1) 

0.05 5.9946(2) 215.42(1) 

0.15 5.9979(2) 215.78(1) 

0.28 5.9976(2) 215.74(1) 

0.36 5.9966(2) 215.64(1) 

0.58 5.9970(2) 215.68(1) 

0.87 6.0076(2) 216.82(1) 

1.00 6.0344(2) 219.74(1) 

 

The cell parameter and volume of the FAPb1–xSnxBr3 system remains substantially 

constant up to about x=0.58 where it starts increasing with a further relevant expansion for x=1, 

i.e. for the pure FASnBr3 compound. This is an anomalous behavior with respect to other Pb/Sn 

mixed halide perovskites where a slight decrease of the cell volume by increasing the Sn-

content has been reported,18, 23 also according to the small ionic radius difference between Sn2+ 

and Pb2+ (0.97 and 1.03 Å, respectively).24 Since the samples are single phase and the actual 

Sn/Pb content has been determined experimentally the results about the structural parameters 
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suggest that some level of distortion could be present also for an averagely cubic structure and 

that this distortion should manifest itself with a peculiar trend by increasing the Sn-content 

above x=0.50.  

Related to the structural evolution, the FAPb1–xSnxBr3 system shows a correspondingly 

anomalous band-gap trend upon varying the Pb/Sn ratio. Figure 2a reports diffuse reflectance 

spectra and Figure 2b reports the extrapolated band-gap values as a function of the Sn-content. 

The band-gaps have been obtained from the extrapolation of the linear part of [F(R) h]2 where 

F(R) is the Kubelka-Munk function F(R) = (1-R)2/2R.25-26 

 

Figure 2. a) Diffuse reflectance spectra for the FAPb1-xSnxBr3 system. b) Band-gap trend as a 

function of Sn content (x).  

From Figure 2a one observes a progressive shift of the fundamental absorption edge towards 

lower energies by replacing Sn on the Pb-site up to x=0.87, together with a reduction of the 

overall reflectance of the samples and a broadening of the absorption lineshape, which may be 

partially due to the increased and broadened absorption coefficient spectrum with increasing 

the Sn content.14 An abrupt shift of the absorption edge towards higher energy is instead found 

for FASnBr3. The band-gap value (Figure 2b) shows a progressive reduction by increasing x 

from about 2.18 eV (FAPbBr3) to 1.84 eV (x=0.87), followed by a sudden upturn for FASnBr3 
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(2.37 eV). Again, such behavior is anomalous and intriguing since in mixed Pb/Sn systems one 

would expect a monotonic band-gap variation with increasing the Sn content,14 as 

experimentally found by Ogomi et al.12 Hao et al.13, however, observed an anomalous band-

gap behavior by varying the Pb/Sn ratio in MASn(1−x)PbxI3 with intermediate compositions (x 

= 0.25 and 0.50) showing the lowest band-gap.  

To gain insight into the reasons underlying the anomalous band-gap evolution with 

Pb/Sn alloying we have carried out hybrid DFT calculations including spin-orbit coupling 

(SOC). We relaxed both atomic positions and cell parameters by PBE,27 followed by single 

point hybrid calculations including SOC using the modified version of the HSE06 functional28 

including 43% Hartree-Fock exchange proposed in Ref. 29. This approach is found to correctly 

reproduce the results of GW calculations for both Pb and Sn compounds.30  

We start our analysis by looking at results obtained for cubic 2x2x2 supercell. Atomic 

positions are allowed to relax keeping the experimental cell parameter fixed. No significant 

differences in electronic structure parameters are noted when relaxing the cell parameters, see 

Supporting Information (Table S1), thus we refer to experimental cell parameters for simplicity. 

For the mixed FAPb0.50Sn0.50Br3 compound we explored several possible arrangements of the 

four Sn and Pb ions, see Supporting Information Figure S1 and Table S2, here we just refer to 

the most stable structure. A summary of the calculated structural and electronic features of the 

investigated species is reported in Table 2.  

 

Table 2. Comparison between calculated and experimental band-gap (Eg, eV) for the cubic 

phase of FAPb1–xSnxBr3 perovskites as a function of the Sn/Pb ratio.  

 Eg (eV) 

Theor. Exp. 

FAPbBr3 2.12 2.18 
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FAPb0.50Sn0.50Br3  

 

1.94 1.88 

(x= 0.58) 

FASnBr3 2.49 2.37 

 

As one may notice, the calculated band-gaps are in excellent agreement with 

experimental values. In line with experiments, we predict a decrease of the band-gap when 

moving to x = 0.5, to then increase again for the pure FASnBr3 perovskite. The calculated band-

gap trend can be explained by looking at the Density of States (DOS) reported in Figure 3. 

Introduction of Sn in FAPb0.50Sn0.50Br3 stabilizes the conduction band minimum (CBM), with 

mixed Pb 6p / Sn 5p character, while the valence band maximum (VBM) remains essentially 

unaltered. Upon further increasing the Sn content the CBM is totally constituted by Sn 5p 

orbitals and shifts at higher energy. Concomitantly, the VBM shifts at higher energy, as a result 

of the mixing between Sn 5s and Br 4p states, but the VBM shift is smaller than the CBM shift 

so, overall, the band-gap increases. This is at variance with the MAPb1-x)SnxI3 perovskites, 

where the VBM upshift was significantly larger than the CBM upshift leading to a significant 

band-gap reduction in MASnI3 compared to MAPbI3. 
30 
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Figure 3. Density of states (DOS) of cubic (a) FAPbBr3, (b) FAPb0.50Sn0.50Br3 (d) and (c) 

FASnBr3 as calculated by HSE06-SOC. Valence band maxima has been set to zero in (a) and 

(b) and (c) have been aligned to the lowest carbon DOS peak. 

 

To further investigate the origin of the band-gap evolution we inspected the optimized 

structures in Figure 4. FASnBr3 was found to exhibit a strong long-short alternation of Sn-Br 

distances (2.76 vs. 3.30 Å), which gradually equalize when moving to FAPb0.50Sn0.50Br3 (2.98 

and 3.04 Å) and FAPbBr3 (3.02 and 3.03 Å). While long-short alternation of apical metal halide 

distances is typical of tetragonal Sn- and Pb-halide perovskites,14, 30 the calculated difference 

found in FASnBr3 (0.5 Å) is outstanding. Notably, such structural distortion is not related to 

a specific crystallographic direction but it is symmetrically distributed along the three crystal 

axes, see Figure 4 and Table 3, at variance with the long-short bond alternation along the [001] 

direction found in tetragonal metal-halide perovskites.30 The structural distortion, leading to a 

polar structure similar to that reported for FAGeI3,
21 actually drives the system towards a quasi-

0D perovskite phase, since SnBr3 units with short Sn-Br distances are separated by longer Sn-

Br or Pb-Br distances from other units, see Figure 4b and 4c. 

 

 

Figure 4. Optimized structures of cubic (a) FAPbBr3, (b) FAPb0.50Sn0.50Br3 (d) and (c) 

FASnBr3. The dashed lines indicate long Sn-Br distances. Pb=light blue; I=red, Sn=green. FA 

molecules are shaded in the background for clarity. 
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To understand the reason underlying the large metal-halide bond alternation of FASnBr3 we 

simulated a series of cubic perovskites, varying A (FA, MA, Cs), M (Ge, Sn, Pb) and X (Br, I), 

see Table 3. Notably a clear trend emerges, with the A-site cation modulating the distortion in 

ASnBr3 perovskites; larger cations give larger distortions, with CsSnBr3 being almost perfectly 

symmetric. The structural distortion has important consequences for the ASnBr3 perovskites 

band-gap, which decreases from 2.4 to 1.7 eV across the FA → MA → Cs series. The 

observed structural asymmetry is partly lifted in ASnI3 perovskites, with the largest deviation 

of the series (3.07 and 3.21 Å) being again observed for the FASnI3 perovskite. The structural 

asymmetry is further reduced in APbX3 perovskites, with a consequent band-gap leveling, see 

Table 3. Notably, in AGeI3 perovskites the structural distortion was present even for CsGeI3, 

characterized by short-long distances of 2.75-3.26 Å, and it further increased moving to larger 

cations, up to 2.73-3.58 Å in FAGeI3.
21 Taken altogether this data seem to suggest a typical 

tolerance factor argument,31-33 with the smaller tin bromide (and germanium iodide) perovskites 

being more sensitive to the size of the A-cations than lead halide and tin iodide compounds.  
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Table 3. Calculated short-long metal-halide bond lengths (Å) and experimental band-gaps (Eg, 

eV) for a series of cubic perovskites varying A, M and X. Cell parameters (see Supporting 

Information) and band-gaps are taken from the corresponding references. Calculated data are 

compared to experimental data for AGeI3 perovskites.21 

A M X [100] [010] [001] Avg. Eg  

FA Sn Br 2.81, 3.24 2.76, 3.30 2.80, 3.24 2.79, 3.26 2.37   

MA Sn Br 2.81, 3.09 2.83, 3.08 2.83, 3.08 2.82, 3.08 2.00a 

Cs Sn Br 2.88, 2.92 2.87, 2.93 2.87, 2.93 2.87, 2.93 1.75b 

FA Sn I 3.09, 3.18 3.02, 3.28 3.09, 3.18 3.07, 3.21 1.41c 

MA Sn I 3.03, 3.20 3.02, 3.23 3.02, 3.23 3.02, 3.22 1.20c 

Cs Sn I 3.07, 3.13 3.06, 3.14 3.06, 3.14 3.06, 3.14 1.27d 

FA Pb Br 3.00, 3.00 3.02, 3.03 2.98, 3.02 3.00, 3.02 2.18 

MA Pb Br 2.94, 2.99 2.93, 3.02 2.92, 3.02 2.93, 3.01 2.20e 

FA Pb I 3.19, 3.21 3.16, 3.22 3.20, 3.24 3.18, 3.22 1.48c 

MA Pb I 3.16, 3.18 3.10, 3.25 3.10, 3.25 3.12, 3.23 1.52c 

FA Ge I - - - 2.75, 3.26 2.2f   

MA Ge I - - - 2.77, 3.45 1.9f 

Cs Ge I - - - 2.73, 3.58 1.6f 

 
a Ref. 19; b Ref. 34; c Ref. 35; d Ref. 23; e Ref. 18; f Ref. 21 

 

The observed structural distortion is apparently not consistent with the reported cubic 

phase of the investigated perovskites. Notice, however, that dynamical average may lead to an 

overall cubic structure, similar to the dynamically averaged cubic structure of MAPbI3,
36 where 

the nominally cubic structure is actually the average of two distorted tetragonal structures. To 

check this point we have carried out ab initio molecular dynamics simulations on a 3x3x3 cubic 

FASnBr3 supercell by means of the Car-Parrinello method,37-38 setting the temperature at 350 

K. We looked at the structural evolution of a set of Sn-Br distances spanning the [100], [010] 

and [001] directions against their global average during the dynamics. We report in Figure 5 

the results for the [001] direction, similar data for the [100] and [010] directions can be found 

in Supporting Information, Figure S2.   
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Figure 5. Time evolution of Sn-Br bond distances for a selected Sn center along the [001] 

direction. The right panel shows a detail of the time from 4 to 6 ps highlighted by the yellow 

rectangle on the left panel. 

 

As it can be noticed, the average of the Sn-Br distances during the dynamics (3.04 Å) matches 

the average of the long and short distances calculated by structural optimizations. Furthermore, 

and more importantly, Figure 5b clearly shows that long Sn-Br bonds become short and 

viceversa within a typical time of 0.15 ps. Thus, the structure is indeed averagely cubic, though 

it is instantaneously distorted. This implies that on the long time scale of structural 

characterizations, e.g. XRD, the structure is overall cubic, while on the short time scale of 

electronic transitions, i.e. upon resonantly exciting the material during absorption 

measurements, the structure is distorted delivering an increased band-gap value. This is 

confirmed by investigating the band-gap variation against a collective distortion parameter, see 

Supporting Information, Figure S3, so that the average band-gap is actually larger than the 

band-gap of the average structure.36 Similar analysis performed on FAGeI3 revealed a more 

pronounced barrier across the double well profile (0.06 vs 0.01 eV), suggesting that this system 

might be trapped in the distorted well for sufficient time to be observed through structural 

determination, see Figure S4.  
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 To the best of our knowledge, FASnBr3 (and to some extent MASnBr3) are the first 

examples of such 3D perovskites originated by dynamical averaging of quasi-0D perovskites. 

As such, FASnBr3 likely represents the boundary compound in the compositional space of 3D 

perovskites  

Conclusions 
 

We experimentally and theoretically investigated the FAPb1–xSnxBr3 system (i.e., 0 ≤ x ≤ 1). 

We have found a non monotonic band-gap evolution while changing the Sn content. In 

particular, the FASnBr3 material shows a higher band-gap than the corresponding FAPbBr3 

compound, with intermediate compositions showing a lower band-gap than  FAPbBr3. This is 

due to the FA cation being too large to fit into the SnBr3 cavity and inducing a quasi 0D structure. 

We further demonstrated by means molecular dynamics simulation that the high band-gap of 

FASnBr3 turns out to be the result of dynamical averaging of a quasi 0D structure, constituted 

by almost isolated SnBr3 units characterized by a short Sn-Br distances, similar to the reported 

rhombohedral structure for FAGeI3.
21 However, we found that the kinetics barrier  for the 

short/long M-X distance inversion is higher in FAGeI3 with respect to FASnBr3 suggesting that 

FAGeI3 might be trapped in the distorted well for sufficient time to be observed through 

structural determination. In conclusion, FASnBr3 is the first example of such 3D perovskite 

originated by dynamical averaging of quasi-0D material representing the boundary compound 

in the compositional space of 3D perovskites. 
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