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Abstract:

One of the primary methods for band gap tuning in metal halide perovskites has been 

halide (I/Br) mixing. Despite widespread usage of this type of chemical substitution in perovskite 

photovoltaics, there is still little understanding of the structural impacts of halide alloying, with 

the assumption being the formation of ideal solid solutions.. The FASnI3-xBrx (x = 0 – 3) family 

of compounds provides the first example where the assumption breaks down , as the composition 

space is broken into two unique regimes (x = 0 – 2.9; x = 2.9 – 3) based on their average 

structure with the former having a 3D and the latter having an extended 3D (pseudo 0D) 

structure., Pair distribution function (PDF) analyses further suggest a dynamic 5s2 lone pair 

expression resulting in increasing levels of off-centering of the central Sn as the Br concentration 

is increased. These antiferroelectric distortions indicate that even the x = 0 – 2.9 phase space 

behaves as a non-ideal solid-solution on a more local scale. Solid State NMR confirms the 

difference in local structure yielding greater insight into the  chemical nature and local 

distributions of the FA+ cation. In contrast to the FAPbI3-xBrx series, a drastic photoluminescence 

(PL) quenching is observed with x ≥ 1.9 compounds having no observable PL. Our detailed 

studies  attribute this quenching to structural transitions induced by the distortions of the [SnBr6] 

octahedra in response to stereochemically expressed lone pairs of electrons. This is confirmed 

through density functional theory, having a direct impact on the electronic structure. 
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1.0 Introduction:

Three-dimensional metal halide perovskites (MHPs) have been a major focus of ongoing 

research in the realm of photovoltaics (PV) due to their superior optoelectronic properties. These 

compounds are direct-gap, strong light-absorbing semiconductors with high carrier mobilities and 

high tolerance to defect states.1-7 These favorable properties have allowed for a rapid improvement 

of perovskite-based PV, exceeding traditional Si-based devices in more recent years. Single 

junction perovskite solar cells (PSCs) first showed viability, achieving a power conversion 

efficiency (PCE) of ~11%8, 9 and has since rapidly improved,10 achieving closer to the theoretical 

Shockley-Queisser limit (33.7%) with recent examples of single junction devices having >25% 

PCE.11-14 Tuning the bandgap for Pb perovskites was successfully performed through the variation 

of the chemical composition, i.e., by I/Br and/or Pb/Sn mixing.15-17 These new compositions across 

the mixed iodide-bromide phase space possess a well-behaved three-dimensional network leading 

to improved phase stability18 and monumental efficiency improvements for related solar cells. This 

includes the mixed cation/halide perovskite used in 31.2% of perovskite/silicon tandem devices.19 

Although there has been success with these phases, there are serious issues with the perovskite 

layer in a functional solar cell as the perovskite undergoes phase segregation under illumination 

due to halide migration.20-22

While the highest performing devices use lead (Pb) based halide perovskites and tandem 

cells use the mixed halide (I/Br) variant,23-25 considerable effort has been made to create Pb-free 

PSCs due to Pb’s toxicity.26 One way of addressing these concerns is by using the ASnX3 

compositions. Sn2+ based materials have also shown success as light-absorbing layers, but the PCE 

lags behind only reaching ~14% for a single junction device: a considerable compromise in 

performance.27 This can be attributed to a number of factors, including the instability of the Sn2+ 

oxidation state, making it more difficult to suppress the creation of performance-killing Sn4+ defect 

states. Nonetheless, due to their structural versatility for compositional management and the 

existing knowledge of their Pb counterparts, Sn-based PSC are expected to improve in terms of 

stability and device performance as active research continues.28-30 
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Figure 1: Depicts the 3D inorganic framework of FASnI3 (left) and the extended 3D framework of FASnBr3 (right). 
The atoms are presented as grey, purple, and red for Sn, I, and Br respectively. the FA+ cations are omitted for 
simplicity. FASnI3 and FASnBr3 are modeled in Pm m and Pa  respectively.3 3

In this vein, we need a holistic understanding of the structural complexities of hybrid mixed 

halide perovskites. We chose the representative family of compounds called FASnI3-xBrx (where x 

= 0 – 3) because they have a remarkably broad range of band gap energies and exhibit structural 

complexity due to the diverse room temperature structures of FASnI3 and FASnBr3. 31, 32 FASnI3 

crystallizes with a typical 3D perovskite framework with SnI6 octahedra corner sharing in all 

directions and the FA+ cation filling the central voids, counterbalancing the overall negative 

charge. FASnBr3, on the other hand, has a structure that is atypical of MHPs based on increased 

expression of the Sn 5s2 lone pair, leading to significant off-centering. The compound deviates 

from the ideal 3D perovskite framework by lengthening three Sn – Br bonds and shortening the 

other three in the SnBr6 octahedra in a coherent fashion, forming what can be thought of as more 

discrete pyramidal 0D [SnBr3]- units. Since the orientation and arrangement of these molecular 

units in space retains the original undistorted architecture, the structure can still be thought of as a 

3D perovskite type. The FA+ cations then occupy positions within this “distorted cage” to balance 

the charge (Figure 1).

Here, we study the FASnI3-xBrx (x = 0 – 3) chemical substitution range. Analysis of the 

average crystal structures shows a composition-dependence splitting the space into two unique 

regimes, apparently indicating non-idealistic behavior expected for a solid-solution. The x = 0 – 
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2.9 range adopts an average structure in line with the FASnI3 structure type, and the x = 2.9 – 3 

range takes on the FASnBr3 room temperature structure with lower symmetry. However, 

inspection of the thermal displacement and lattice parameters suggests that the structure 

modification is already present at the local scale for x < 2.9. Single crystal X-ray diffraction 

analysis, thus, provides evidence for a more gradual structural evolution from the FASnI3 to the 

FASnBr3 structure type, initially exhibiting antiferroelectric distortions at the local scale that 

finally exhibits long-range ordering. We also find that careful control of the synthetic conditions 

is necessary to produce bulk crystallites with the desired I/Br ratio in the final product, as the 

typical synthetic procedures in hydrohalic acid solutions show a non-linear behavior. Furthermore, 

halide substitution drastically impacts the photoluminescence (PL) as there is a significant 

decrease in PL intensity with the introduction of Br. PL intensity decreases between x = 0 – 1.1, 

finally falling below the background with no observable emission present for x ≥ 1.9. Further 

investigation revealed the above-mentioned systematic structural distortions as the most dominant 

source for PL quenching in high bromide compositions. The distortions provide a rationale for 

quenching of the photoluminescence with Br incorporation as the structure distorts and the 5s2 

lone pair becomes more stereochemically expressed. This suggested mechanism is bolstered by 

room temperature Raman spectroscopy and pair distribution function (PDF) measurements which 

show unique scattering signatures and distance vectors for predominantly Br-rich molecular 

[SnBr3-xIx]- type units, and DFT calculations focusing on the activity of the Sn 5s2 lone pair of 

electrons. Solid state NMR also supports the difference in framework closely associated with the 

Br- concentration. Specifically, the FA+ cation shows sharper signatures in the 1H spectrum of Br-

rich samples, meaning its motion has more fluidity. These findings are in contrast to PL behavior 

for the APbI3-xBrx (x = 0 – 3; A = MA, FA) analogues, which show consistent PL response across 

the substitution range.33, 34 This study serves as a reminder that structural considerations in 

compositionally complex MHPs are paramount in understanding the behavior of the materials’ 

performance for optoelectronic applications.

2.0 Materials and Methods:

2.1. General Synthetic Approach: Each of the compounds presented in this study was synthesized 

using solution-based crystal growth techniques in hydrohalic acid, which is a methodology that 

has been used on countless occasions by our research team to grow hybrid 3D and 2D phases 
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alike.7, 31, 35-37 The variant of the precipitation reaction used to synthesize materials in the FASnI3-

xBrx (x = 0 – 3) family was as follows: desired quantities of SnCl2∙2H2O (Sima-Aldrich; 98 wt.%) 

were dissolved in a solution comprised of hydroiodic (Sigma-Aldrich 57 wt.% in H2O), 

hydrobromic (Sigma-Aldrich; 48 wt.% in H2O), and hypophosphorous acids (Sigma-Aldrich; 50 

wt.% in H2O) under constant stirring while on a hotplate set to ~120˚C (Table 1). The 

hypophosphorous acid was added as a necessary reducing reagent utilized to suppress the oxidation 

of Sn2+ to Sn4+
 as well as to prevent the conversion of I- to [I3]3-.35 Once the solid was dissolved, 

desired amounts of formamidine acetate (FACH3COO; TCI; >98 wt.%) were added to the hot 

reaction, followed immediately by the rapid crystallization of the desired perovskite phase, the 

persistence of which was dependent on the ratio of the hydrohalic acids (I-rich generally persisted 

longer than Br-rich). The temperature of the hotplate was then increased to ~210 ˚C while stirring 

continued until the solid dissolved and a clear solution was achieved. The reaction was then 

allowed to cool to room temperature, where the perovskite phase precipitated from the solution 

and could be extracted for further measurements. 

Table 1: Experimental conditions used for the synthesis of the FASnI3-xBrx compounds. The volume percentages are 
based on the ratio of the two hydrohalic acids added to the reaction solution not considering contributions from the 
hypophosphorous acid.

Compound HI (vol.%) HBr (vol.%) Mol Fraction χHBr
FASnI3 100 0 0

FASnI2.6Br0.4 66 34 0.38
FASnI2.3Br0.7 34 66 0.69
FASnI2.1Br0.9 25 75 0.78
FASnI1.9Br1.1 33 67 0.70
FASnI1.1Br1.9 17 83 0.85
FASnI0.7Br2.3 8 92 0.93
FASnI0.4Br2.6 7 93 0.94
FASnI0.1Br2.9 3 97 0.97

FASnBr3 0 100 1

In our experience, the perovskite phase needed to be extracted once the reaction reached 

room temperature. As the solid continued to remain in solution, halide exchange was observed 

with a darkening of the crystals over time. The color of the perovskite phase varied from black 

(iodide rich) to yellow (bromide rich) depending on the overall ratio of I/Br incorporation (Figure 

2b). For more specific synthetic details, the reader is referred to the supporting information for the 

synthesis conditions for each of the products. Since the samples were all susceptible to oxidation 

when removed from the mother liquor, the crystals were dried inside a nitrogen-filled glove box 

or under a vacuum. Air-free powder diffraction patterns were collected to confirm the identity of 
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the bulk material (Figure S1), and semiquantitative scanning electron microscopy coupled with 

energy dispersive X-ray spectroscopy (SEM-EDS) then confirmed the elemental composition 

(Table S5). 

2.2 Powder X-ray Diffraction (PXRD): Dry crystallites were ground inside a N2-filled glovebox 

with a mortar and pestle until a powder-like consistency was achieved. The powder was then 

packed into an 8 mm metallic mask with the usage of two polyimide layers of tape (one on both 

sides of the mask). The PXRD data were then collected at room temperature on a STOE-STADI-

P powder diffractometer equipped with an asymmetric curved Germanium monochromator which 

uses Cu Kα1 (λ = 1.54056 Å) radiation for diffraction and a MYTHEN2 1K DECTRIS one-

dimensional silicon strip detector. The intensity data were collected within the range 5-60° 2θ. The 

instrument was first calibrated against a NIST Silicon standard (640d) prior to diffraction. 

2.2.0 Single Crystal X-ray Diffraction Data for FASnI3-xBrx (x = 0 – 3) Phases at Room 

Temperature 
Table 2: Selected Crystallographic information and refinement statistics for representative FASnI3-xBrx (x = 0 – 3) compositions. 
FASnI3 and FASnBr3 were synthesized and measured independently of previous research efforts. The full Table can be found in 
the supporting information Table S1.

Formula FASnI3 FASnI2.6Br0.4 FASnI2.3Br0.7 FASnI2.1Br0.9 FASnI1.9Br1.1 FASnI1.1Br1.9 FASnI0.7Br2.3 FASnI0.4Br2.6 FASnI0.1Br2.9 FASnBr3
Formula 
weight 525.41 518.74 508.41 495.72 488.67 452.02 432.28 418.19 402.62 398.45

Space 
group Pm m3 Pm m3 Pm m3 Pm m3 Pm m3 Pm m3 Pm m3 Pm m3 Pa3 Pa3

a/b/c (Å) 6.3064(
3)

6.3099(2) 6.2824(2) 6.2525(5) 6.2449(1) 6.1354(2) 6.0915(2) 6.0443(2) 12.0637(15) 12.0303(5
)

Volume 
(Å3)

250.81(
4)

251.23(3) 247.96(2) 244.43(6) 243.54(1) 230.96(6) 226.03(2) 220.82(2) 1755.7(7) 1741.1(2)

Z 1 1 1 1 1 1 1 1 8 8
ρcalc (g/cm3) 3.479 3.429 3.405 3.368 3.332 3.250 3.176 3.145 3.046 3.040
Absorption 
coefficient 
(mm-1)

11.695
12.080 12.441 12.871 13.058 14.537 15.275 15.944 8.707 16.615

Independe
nt 
reflections

91 [Rint 
= 
0.0375]

172 [Rint = 
0.0117]

166 [Rint = 
0.0087]

103 [Rint = 
0.0314]

160 [Rint = 
0.0183]

68 [Rint = 
0.0750]

95 [Rint = 
0.0136]

113 [Rint = 
0.0132]

688 [Rint = 
0.0487]

641 [Rint 
= 0.0716]

Data / 
restraints / 
parameters

91 / 1 / 
8

172 / 1 / 10 166 / 1 / 10 103 / 1 / 9 160 / 1 / 10 68 / 1 / 9 95 / 1 / 10 113 / 1 / 10 688 / 2 / 25 641 / 2 / 
24

Final R 
indices [I > 
2σ(I)]

Robs = 
0.0435, 
wRobs = 
0.01248

Robs = 0.0231, 
wRobs = 
0.0766

Robs = 0.0239, 
wRobs = 
0.0877

Robs = 0.0429, 
wRobs = 
0.1006

Robs = 0.0231, 
wRobs = 
0.0846

Robs = 0.0292, 
wRobs = 
0.0950

Robs = 0.0317, 
wRobs = 
0.1092

Robs = 0.0479, 
wRobs = 
0.1540

Robs = 0.0585, 
wRobs = 
0.1451

Robs = 
0.0419, 
wRobs = 
0.1011

Largest 
diff. 
peak/hole 
(e·Å-3)

0.869/-
1.372

0.680/-0.836 1.229/-1.299 0.656/-0.944 0.814/-0.828 0.716/-0.4 0.636/-0.610 0.747/-1.260 0.952/-0.695 0.799/-
0.643

Single crystals within the FASnI3-xBrx (x = 0 – 3) range were extracted from the mother 

liquor and immediately placed under Paratone-N oil on a glass slide to protect the surface from 

oxidation. The crystals were then transported to an optical microscope where suitable crystals were 
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selected, cut to size, and mounted onto the goniometer head of a single crystal diffractometer for 

collection. An inert environment was maintained throughout the collections through the usage of 

a nitrogen blanket, which was sourced from the liquid, through an Oxford Cryosystems cryostat. 

This proved to be necessary in order to preserve the desired perovskite phase during diffraction as 

each of the samples was susceptible to oxidation with exposure to ambient conditions. Intensity 

data was then collected on either a STOE Stadi Vari diffractometer, which uses an AXO Ag Kα 

micro-focus sealed X-ray A-MiXS source for diffraction (λ = 0.560834 Å) and a Dectris Platus3 

R CdTe 300 K Hybrid Photon Counting Detector, or a XtaLAB Synergy diffractometer, equipped 

with a microfocus sealed X-ray tube PhotonJet (Mo Kα: λ = 0.71073 Å) for diffraction and a Hybrid 

Pixel Array Detector (HyPix). The data collected on the Stadi Vari diffractometer was then reduced 

using the X-area software package (STOE). LANA38 was used to perform a semi-empirical 

absorption correction through outlier rejection and scaling of the reflections. The reduction for the 

data collected on the Synergy diffractometer was done within the CrysAlisPro software package 

(Rigaku) using an empirical absorption correction. For all of the room temperature data sets, the 

reflections were then imported into Olex239 where the data was solved using the intrinsic phrasing 

method as implemented in ShelXT40 and further refined using least squares on F2 with ShelXL.41 

Selected crystallographic information and refinement statistics are presented in Table 2.

2.2.1: Low Temperature Single Crystal X-ray Diffraction: Low temperature diffraction 

experiments were conducted on freshly synthesized FASnI1.9Br1.1 and FASnI0.4Br2.6 crystals using 

the STOE Stadi Vari diffractometer discussed in the previous section. Measurements were 

conducted at various temperatures which were maintained through a flow of N2 gas, obtained from 

the liquid, sustained by an Oxford Cryostream 700 plus cryostat. Data reduction was accomplished 

in the X-area software (STOE), using a semi-empirical absorption correction, outlier rejection, and 

frame scaling as applied in LANA.38 FASnI0.4Br2.6 showed a  phase transition at 260 K and the 

low temperature structure was elucidated in Jana200642 due to increased disorder where a 

structural solution was achieved through SUPERFLIP43 and refined using a least squares method 

on F2, as implemented in Jana2006.42

2.3 Modeling of Disorder in FASnI0.1Br2.9:
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In the refinement of FASnI0.1Br2.9 it was first apparent that a small fraction of iodide was 

introduced into the structure based on the color of the bulk material with respect to pure FASnBr3 

(Figure 2b/S2). Further evidence in support of iodide substitution came from both the small 

increase in the unit cell parameters with respect to FASnBr3 and a measured redshift in the band 

gap of the material (Figure 9). When introducing I- into the single crystal refinement, it became 

necessary to disorder the halide site. This was achieved by relaxing the positional constraints 

initially present which forced the Br- and I- to occupy the same atomic coordinates within the 

structure. With this applied constraint, the crystallographic refinement was unstable. However, 

after refining the two positions separately, the two halides were found to occupy different 

positions, stabilizing the refinement with a small fraction of I-. Based on the observed shift in the 

band gap of the material as well as elemental confirmation of the presence of I- from SEM-EDS, 

the disorder was kept in the final refinement.

2.4 Modeling of Disorder in FASnI0.4Br2.6 (260 K):

During the refinement of the 260 K structure of FASnI0.4Br2.6, it became necessary to 

disorder the halide positions. The disorder was first realized with a non-negligible residual electron 

density in the vicinity of the initial halide position. Mixing the halide site (I/Br) and relaxing the 

constraints on the coordinates showed that I- and Br- occupied different average positions in the 

crystal lattice and proved to resolve the residual electron density near the halide site. Despite 

achieving a reasonable refinement with the above disorder, the model could prove to be inadequate 

to describe the true average structure of the material. Since the phase transition involves the 

elongation of 3 bonds in octahedra and a shortening of the remaining 3, induced twinning via 

different local variations of the transition could yield an average crystal structure with multiple 

disordered mixed I/Br positions. There can also be a convolution of the antiferroelectric (off-

centering) and antiferrodistortive (tilting) distortions, adding additional complexity to the 

refinement and making a fully detailed refinement difficult. This type of disorder was further 

confirmed through room temperature pair distribution function (PDF) measurements.

2.5 Steady-state and time-resolved photoluminescence (PL, TRPL):

PL and TRPL spectra of the film samples were measured using an Edinburgh Instruments 

FS5 Spectrofluorometer. The samples were excited by ps pulsed diode laser. (375 nm excitation 
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wavelength, pulse width of less than 100 ps and repetition rate 5MHz). The spectra were corrected 

for the monochromator wavelength dependence and photomultiplier response functions provided 

by the manufacturer. Measurements were performed using dried polycrystalline powder samples 

and films. The measured TRPL decay (𝐼(𝑡)) of each sample was fitted by a three-exponent 

function, convoluted with the measured instrument response function. (𝑡) = × 𝑒–𝑡/𝜏𝑖 + 𝑏, 𝜏𝑖 and 𝑎𝑖 

are the lifetime and amplitude of the different decay components, and 𝑏 is the background level. 

The ratio of photons emitted by each component (𝑃ℎ𝑖) can be calculated by 𝑃ℎ𝑖 = (𝑎𝑖×𝜏𝑖)/(𝑎1×𝜏1+ 

𝑎2×𝜏2 + 𝑎3×𝜏3), (𝑖 = 1,2,3), The average lifetime of each sample 𝜏𝑎𝑣𝑔 is defined by 𝜏𝑎𝑣𝑔 = ∑𝑃ℎ𝑖 

× 𝜏𝑖.

2.6 Perovskite film preparation:

The perovskite stock solutions were prepared by dissolving FAI, FABr, SnI2 and SnBr2 

precursors with the target composition to form stoichiometric 0.8M FASn(I1-xBrx)3 in 

dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) (3:2 volume ratio) mixed solvent. After 

the precursor was completely dissolved, the prepared solution was spin-coated on the substrate at 

1000 rpm for 10 seconds and 4000 rpm for 30 seconds. Chlorobenzene was added as an antisolvent 

25 seconds in the second step. Subsequently, the film was annealed at 100ºC for 10 minutes. To 

mitigate the effect of exposure to ambient conditions, PMMA was spin-coated on thin films to 

form the final encapsulation layer. All film preparation procedures were conducted in a N2-filled 

glove box. The light illumination study was conducted in the glovebox (Figure S11). The thin films 

were taken out of the glovebox for measurements after each period of illumination under 1sun.

2.7 Pair Distribution Function (PDF) of FASnI3-xBrx (x = 0, 1.1, 2.6, 3): 

Freshly synthesized material was dried under a vacuum and transferred to a nitrogen-filled 

glovebox. The dried crystallites were then ground in an agate mortar and pestle until a powder-

like consistency was achieved. The powder was sieved to 53 μm particle sizes to ensure dense 

packing and then transferred to either a quartz or borosilicate capillary with outer diameter 

dimensions of 0.5 mm (purchased from Charles supper Co.) that was sealed at one end. Once 

packed, the capillary was sealed and transported to the diffractometer for measurement. Intensity 

data was collected using a STOE StadiVari diffractometer (detailed in the SXRD section) using 2-

hour exposure time per frame, collecting data from 1-160° 2θ (Ag Kα) over five frames. Data was 
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also collected for an empty capillary and air-scattering to establish a background effectively 

subtracting their scattering contributions. The images were imported into GSAS-II44 where 

instrument parameters were calibrated against a LaB6 standard collection at the same detector 

distance. Each frame was integrated as implemented in GSAS-II. The resulting diffraction pattern 

was exported and manually scaled. The 1D diffraction patterns were reduced to the G(r) in 

PDFgetX3.45 Further details are described in the supporting information.

2.8 Solid-state NMR spectroscopy:

All NMR spectra were acquired on polycrystalline materials. Samples were separately 

packed into airtight zirconia rotors with an outer diameter of 1.3 mm fitted with VESPEL® caps. 

Magic-Angle Spinning (MAS) NMR experiments were carried out at 18.8 T on a Bruker Avance 

Neo NMR spectrometer (the Larmor frequencies were 1H = 800.1 MHz, and 119Sn = 298.4 MHz, 

respectively) equipped with a 1.3-mm H-X double resonance probe head tuned to 1H and 119Sn 

configuration. Unless otherwise specified, all the samples were spun at a MAS frequency of 50 

kHz using N2 gas to prevent the moisture-induced degradation during the data acquisition. The 1D 
119Sn MAS NMR spectra were acquired using spin-echo pulse sequence, in which the echo delay 

was set to 20 microseconds corresponding to one rotor period. For pure FASnI3 and FASnBr3 

compounds, the 119Sn MAS NMR spectra were acquired by co-adding 2048 transients.  For 

FASnI1.1Br1.9 and FASnI0.4Br2.6 alloys, the 1D 119Sn MAS NMR spectra were acquired by co-

adding 2048, using a recycle delay of 3 s (T1 ~ 1.4 s) . All 1D 1H MAS NMR spectra were acquired 

by32 co-added transients, whereby the recycle delay was set to 50 s, as determined from saturation 

recovery measurements and analyses. 2D 1H-1H spin diffusion NMR experiments were acquired 

using three-pulse noesy-like sequence with different mixing times (50, 200 and 500 ms) under fast 

MAS (55 kHz).  A rotor-synchronized increment of 20 s was applied to detect the indirect 

dimension using 400 t1 increments, with 2 co-added transients, leading to an experimental time of 

~9 h each. The 1H experimental shift was calibrated with respect to neat TMS using adamantane 

as an external reference (1H resonance, 1.82 ppm). The experimental 119Sn shifts were calibrated 

using liquid SnCl2 as an external standard, according to IUPAC recommendation.46 Data were 

processed from Bruker Topspin 4.1.4 inbuilt package.

2.9 FASnI3-xBrx (x = 0, 1.1, 2.6, 3) Raman Spectroscopy:
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Selected materials were freshly synthesized using the experimental procedures detailed 

above and in the supporting information. The synthesized material was then removed from the 

solution, placed on a piece of filter paper to allow most of the solution to be absorbed and then 

quickly placed into a 9/7 mm (outer diameter/inner diameter) fused silica tube. The tube was placed 

under dynamic vacuum for ~24-48 hours, allowing the remainder of the solution to evaporate off. 

These tubes were then sealed with an O2/CH4 torch (vacuum reaching ~10-2 mbar) and transported 

to a N2 filled glovebox. The ampules were opened, and the material was extracted. The compounds 

were mechanically ground with an agate mortar and pestle and inserted into a quartz cuvette. The 

powder was more densely packed by adding glass wool, which was added to the cuvette on top of 

the powder. The top of the cuvette was sealed with epoxy to maintain an inert environment during 

the measurement. Once the epoxy was cured, the cuvettes were transferred into a plastic bag and 

vacuum sealed for transportation to the instrument. An example of the sample holders is shown in 

Figure S12. Raman scattering was collected on these samples using a 660 nm laser on low power 

settings to avoid laser induced degradation. Raster scans were also utilized for the same purpose. 

Contributions from the background were then subtracted through a third-order polynomial fit 

function.

2.10 Computational Methods:

All density functional theory (DFT) calculations were performed using the plane wave 

code Quantum ESPRESSO.47, 48 We employed optimized norm-conserving Vanderbilt 

pseudopotentials49 and the Perdew-Burke-Ernzerhof revised for solids (PBEsol) functional.50 We 

set the kinetic energy cutoff to 120 Ry and fixed the lattice constants of FASnI3-xBrx for various x 

to the experimental values. To accommodate the Sn lone pairs in FASnI3-xBrx we employed a 

2×2×2 supercell (96 atoms) of the idealized cubic unit cell consisting of 12 atoms [i.e. one formula 

unit (f.u.)]. This choice of supercell also allowed us to account for local disorder (or 

polymorphism)51 in FASnI3-xBrx, both for the inorganic network and the FA molecules. We stress 

that employing a random distribution of locally distorted cells in static DFT calculations for halide 

perovskites has been shown to represent an accurate physical approach to describe the ultraslow 

structural dynamics, not captured by standard X-ray diffraction.51, 52 Here, accounting for structural 

disorder in FASnI3 leads to a band gap opening at the R point of 0.38 eV (Figure S13b), alleviating 

the spurious semi-metallic behavior calculated for its high-symmetry counterpart.52 We further 
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achieved randomly disordered structures of all FASnI3-xBrx compositions via optimization of the 

nuclear coordinates, following the strategy described by Zhao et al.52 In our simulations of 

FASnBr3, we initially utilized the experimental crystal structure at room temperature, which 

exhibits the Pa  space group. Notably, our DFT optimization of the FASnBr3 structure to mimic 3

structural disorder preserves the Sn lone pair expression, namely the initial average distortion as 

obtained from X-ray diffraction. For comparison purposes, we also generated idealized structures 

of FASnI3 and FASnBr3 by fixing the atoms of the inorganic network to their high symmetry Pm

m positions and allow the FA+ ions to relax. All geometry optimizations were performed using 3

scalar relativistic pseudopotentials.

We employed the band structure unfolding technique to investigate the effect of electronic 

properties, computed with the inclusion of spin-orbit coupling, of the various compositions in the 

same Brillouin zone: the fundamental Brillouin zone of an idealized cubic unit cell. Band structure 

unfolding53 was performed as implemented for plane waves and norm-conserving, fully relativistic 

pseudopotentials in the ZG module of the EPW code.54, 55 Fully-relativistic electron spectral 

functions of FASnI3-xBrx compounds were calculated for 300 k-points to ensure a correct mapping 

and dense sampling of the X-R-M-Γ path in the fundamental Brillouin zone of the idealized unit 

cell. Hole and electron effective masses at the R point were determined by finite differences. 

3.0 Results and Discussion

3.1 Synthetic Aspects

Each of the compounds was synthesized from hydrohalic acid mixtures (HI/HBr) by 

dissolving desired amounts of SnCl2∙2H2O with FACH3COO followed by cooling the reaction to 

promote crystallite growth, where the acids were intended to serve as a halide anion source for the 

perovskite formation. Based on these synthetic conditions necessary to sweep across the FASnI3-

xBrx (x = 0 – 3) composition space, it became clear that there was a strong preference for the 

incorporation of I- into the structure even with higher relative concentrations of Br- in the starting 

reaction solution. 
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Figure 2: a) A plot of the refined Br- stoichiometry based on single crystal X-ray diffraction refinements 
against the mol fraction (χBr) of HBr present during the synthesis. Note that the mol fraction only relates the molar 
ratios of HI and HBr in the reaction solution. b) An image of the bulk material for selected compositions.

This is most evident in the synthesis of FASnI1.1Br1.9, where the refined formula achieved 

a rough ratio of 2/1 (Br/I). However, during the synthesis, there was an overwhelming excess of 

Br- in the reaction solution (with a mol fraction χHBr = 0.85). Through experimental findings, it 

was discovered that only small volumes of hydroiodic acid solution were necessary to isolate 

materials with high Br- concentrations. This fact is supported by the difference in synthetic 

conditions between FASnI0.4Br2.6 and FASnI0.1Br2.9, which were synthesized with only a 0.03 

difference in the HBr mol fraction. This relationship is seen when plotting the refined Br- 

stoichiometry against the mol fraction of HBr present during the synthesis (Figure 2a). At low HBr 

mol fractions χHBr (0 – 0.7), there is little change in the refined Br- stoichiometry, leading to a 

maximum of ~1/3 Br- substitution with a 0.7 HBr mol fraction. Within the range of 0.7 – 0.9 HBr, 

the Br- substitution increases an additional 1/3. The final 1/3 substitution is then achieved within 

a 0.1 HBr mol fraction window, making precise control over the acid volumes paramount to 

receiving the desired phases. Despite these limited concentration windows, homogenous material 

with respect to composition was still obtained with single crystal measurements confirming a 

consistent composition and SEM-EDS providing a composition consistent with refined 

stoichiometries (Table S5) a within the bounds of the semiquantitative nature of EDS 

measurements. 2D 1H-1H spin diffusion NMR further confirms I/Br intermixing in the bulk sample 
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suggesting a consistent composition and a lack of phase separation.

Figure 3: Scanning electron microscopy images of crystallites for selected compositions in the FASnI3-xBrx (x = 0 – 
3) substitution range, showing the typical crystal habit of the materials and their related morphology transition from 
iodide-rich composition to bromide-rich composition. 

During the crystallization process, two additional components play a significant role: the 

oxidation of Sn2+ to Sn4+ and the decomposition of formamidine to ammonia. These by-products 

were observed in excessive amounts during longer crystallization times lasting for 6 hours, with 

the crystals being cooled down at a rate of 7-10°C/h. We detected the presence of two Sn4+ phases: 

SnI4 and (NH4)2SnBr6. These phases indicate the instability of the Sn2+ oxidation state as well as 

the FA+ cation, which converted to NH4
+ ions. For detailed information on the single crystal 

structure refinement parameters for these secondary phases, please refer to the supporting 

information (Table S6).

The level of halide mixing also impacted the crystal habit as seen in scanning electron 

microscopy images of the isolated crystals (Figure 3). FASnI3 takes on a rhombic dodecahedral 

shape, typical of 3D hybrid halide perovskite materials. This morphology also agrees with the 

findings of previous studies of the material.31 FASnBr3, on the other hand, is a rod-like shape that 

can be generated by elongating the rhombic dodecahedron in a singular direction, creating a crystal 

shape with a pyramidal-like cap at the end. Noticeably, the crystal habit of the FASnI3-xBrx phases 
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shows deviation along these lines with FASnI1.9Br1.1 having a morphology more closely 

resembling FASnI3 whereas FASnI1.1Br1.9 crystallizes with an extended rhombic dodecahedral 

shape, more closely resembling FASnBr3. SEM images on the remainder of the compositions 

confirm the trend in crystal morphology (Figure S3). 

3.3.0 Structural Description and Phase Transitions: 

The end members of the present series FASnI3 and FASnBr3, have previously been 

structurally characterized through single crystal and Rietveld refinement in previous research 

efforts.31, 32 However, we revisit these two structures as they pertain to their solid solutions.

3.3.1 Structural Description of FASnI3: When considering only the crystallographic 

aspects of FASnI3, the compound is best described by a cubic structure (space group Pm m) 3

adopting the ideal perovskite architecture with SnI6 octahedra corner sharing in all three 

crystallographic directions, forming a cage with 180° Sn – I – Sn angles. The FA+ cation then sits 

in the center of the cage to balance the overall negative charge of the framework. This organic 

cation, though, is heavily disordered, intended to represent the dynamic nature of the position of 

the cation (tumbling). Based on the symmetrical constraints of the space group, the disorder 

generates a pseudo carbon-centered “octahedra” where the caps are 1/3 occupied N atoms. This 

type of model is an approximation to the rotation where the molecule which creates a “sphere” of 

electron density surrounding the central carbon atom. This model, however, does not abide by 

traditional chemical understanding since the structure of the organic FA+ cation is not considered. 

Alternatively, since FA+ has a net dipole moment that cannot be canceled out (as might be 

suggested by the Pm m model) the symmetry can be reduced to non-centrosymmetric (Amm2), 3

allowing for ordering the FA+ cations. This symmetry setting is artificial, however, so the cubic 

model (Pm m) will be considered in further discussions.3

It should be noted that FASnI3 (as well as MASnI3) undergoes a smooth phase transition 

at low temperatures characterized in calorimetric measurements by weak endothermic peaks and 

a long tail at the lower temperature.32 This behavior in Pb-based compounds is commonly 

associated with antiferrodistortive instabilities on cooling from elevated temperatures, which result 

in the transition to tetragonal or orthorhombic structures at lower temperatures. From the symmetry 

viewpoint, these antiferrodistortive and non-polar instabilities are characterized by the M3
+ and 

R4
+ irreducible representations of the Pm m parent phase.56 These order parameters are attributed 3
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by symmetry to octahedra rotations at the microscopic level. They are indeed associated 

experimentally to anisotropic thermal motions with large amplitudes of the halide atoms 

perpendicular to the metal halide bonds,57 and diffuse scattering rods along the M-R lines in 

reciprocal space.58 The slow dynamics related to these strongly anharmonic octahedra rotations is 

difficult to capture precisely by diffraction techniques. It led to the proposition of the 

polymorphous picture for the high temperature Pm m cubic phase, leading to some improvement 3

for the refinement of pair distribution functions (PDF).51

Figure 4: Depiction of the FASnBr3 structure (Pa ) in three panels. a) The overall structure with FA+ cations omitted 3
for simplicity and b) the same view with polyhedra and elongated bonds included to show how the perovskite 
framework is retained c) the Sn center with the unique bond distances highlighted. The atoms are presented as grey 
and red for Sn and Br respectively

3.3.2 Structural Description of FASnBr3: The structure of FASnBr3 has been resolved from 

high quality Rietveld refinement  previously.32 However, since our work presents the first single 

crystal study, we shall endeavor to describe its structure in this section as it is key to understanding 

structural alterations in FASnI3-xBrx (x = 0 – 3) phases and drastic deviations in optical properties 

of these materials. Unlike FASnI3 the bromide analogue shows increased stereochemical 

expression of its 5s2 loan pair of electrons, which “breaks” the cage framework in an ordered 

fashion (Figure 4a). 3 of the 6 bonds in the SnBr6 octahedra extend, creating a set of 3 short 

2.716(1) Å bonds and 3 long 3.311(1) Å distances (Figure 4c). This perturbation in the perovskite 

structure creates what can be thought of as [SnBr3]- molecular units (pyramidal geometry) that are 

charged balanced with FA+ cations. However, this view is a simplification used here for clarity as 

the 3.311(1) Å Sn – Br bonds undoubtedly retain bonding-type interactions. The geometric 

constraints placed on the framework by the size of FA+ are of equal consideration. Being the largest 

A-site cage cation typically seen in MHP materials, the Sn–Br framework presents the geometric 

limit for the FA+ cation before the perovskite cage becomes unstable.59 This [MX3]- type unit is 
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not unprecedented in the perovskite ABX3 stoichiometry as the compounds RbGeBr3,60 CsGeX3 

(X = Cl, Br, I),61, MAGeI3,62, 63 FAGeI3,63 FAGe0.5Sn0.5Br3,64 MAGeBr3,64 FA0.5MA0.5GeBr3,64 

FAGeBr3,64 N(CH3)4GeCl3,65 (CH3)2NH2SnBr3,66 (CH3)3NH2SnBr3,67 NH(CH3)3SnBr3,68 

NH(CH3)3SnCl3,68  C(NH2)3SnCl3
69 and MASnCl3

70 display the same “pyramidal” geometry 

(Table 3). Therefore, FASnBr3 is more accurately described as an extended 3D framework (pseudo 

0D) at room temperature by considering 0D pyramidal [SnBr3]- units more weakly interacting and 

arranging in the 3D perovskite architecture (Figure 4b). The lone pair-induced structural distortion, 

which can also be viewed as a second-order antiferroelectric Jahn-Teller distortion reduces the 

dimensionality of the 3D network, moving it closer to 0D. Furthermore, this is supported by 

theoretical studies which probed the limit of the perovskite framework in the FAPb1-xSnxBr3 

composition space suggesting the dynamic presence of these distortions.59 The pseudo-

dimensional reduction also has a direct impact on the symmetry of the compounds, as it crystallizes 

in the lower symmetry space group Pa  resulting in a 2-fold expansion of the unit cell parameters 3

which can easily be seen in the precession images of reciprocal space (Figure S4). The distortion 

showed by FASnBr3 can be alleviated by increasing the temperature whereby the typical 3D 

perovskite framework is obtained above 312 K,32 which in agreement with an analogous phase 

transition exhibited by the CsGeX3 (X = Cl, Br, I) compositions.

From the symmetry viewpoint, the structural phase transition from the high-temperature 

Pm m structure to the room-temperature Pa  structure is completely different from the non-polar 3 3

and antiferrodistortive instabilities attributed to M3
+ and R4

+ order parameters seen for the low 

temperature transitions of FASnI3. The symmetry analysis of the Pm m/Pa  group-subgroup 3 3

relationship reveals that the structural instability is mainly driven by an X5
- order parameter. Group 

symmetry thus predicts a polar instability related to the creation of an antiferroelectric array at 

room temperature. The antiferroelectric pattern is expected to exhibit phase factors for the atomic 

motions related to the wavevector . Among the three atomic sites (A,B,X) usually defining the 𝑘𝑋

regular ABX3 cubic perovskite lattice at high temperature, the A site (FA+) is not affected by the 

X5
- structural instability. In contrast, both the B site (Sn) and the X site (Br) are expected to undergo 

atomic axial displacement patterns. This feature is in perfect agreement with the reported 

experimental structure. The condensation at T = 312 K of the X5
- structural instability in FASnBr3 

has a calorimetric signature, which is also completely different from the signature of the 

antiferrodistortive instability in FASnI3.32 As expected, the thermal motions obtained from X-ray 
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diffraction also exhibit new features for FASnBr3 (vide infra). Therefore, a competition between 

polar and non-polar structural instabilities is expected, something commonly observed in 

perovskite lattices.71 Experimentally, a complex superposition of structural signatures of different 

origins is indeed observed (vide infra).

3.3.3 Discrepancy Between CsSnBr3 and FASnBr3: Besides being fully inorganic and 

hybrid, respectively, CsSnBr3 and FASnBr3 structurally vary from one another at room 

temperature. CsSnBr3 retains a 3D perovskite framework and expected Pm m space group 3

symmetry, while FASnBr3 distorts reducing the symmetry to Pa . This difference can be attributed 3

to the difference in “pressure” exerted by the A-site cation on the inorganic framework. Based on 

the geometric size, FA+ within a Sn – Br perovskite framework represents the limit with respect to 

the tolerance of the perovskite lattice, i.e., the FA+ cation is too large at room temperature 

(253pm).72 This is reconciled with FASnBr3 generating a perovskite framework at higher 

temperatures whereby the basic cell and cage can expand to more easily accommodate the larger 

organic. Cs+, on the other hand, typically represents the other end of the tolerance spectrum for 

halide perovskite templating A-site cations (184 pm).73 Therefore, it can more comfortably 

template a Sn – Br based perovskite. These structural variations highlight the strict size limitations 

for perovskite forming compositions. 

Table 3: A list of compounds that have [MX3]- 0D molecular units with an AMX3 perovskite stoichiometry and an 
extended 3D architecture. Relevant optical properties of each material are also listed.

Formula Temperature (K) Band Gap (eV) Photoluminescence* Reference

CsGeI3 293 1.6 N/A 61

MAGeI3 293 1.9 N 62, 63

FAGeI3 293 2.2 N 63

CsGeBr3 293 2.42 Y 61 64

RbGeBr3 293 N/A N/A 60

MAGeBr3 298 2.91 N 64

FA0.5MA0.5GeBr3 298 3.02 N 64

FAGeBr3 298 3.13 N 64

CsGeCl3 293 3.69 N/A 61

N(CH3)4GeCl3 293 N/A N/A 65
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FAGe0.5Sn0.5Br3 298 2.75 N 64

FASnI0.4Br2.6 260 N/A N/A This Work

FASnBr2.9I0.1 300 2.05 N This Work

FASnBr3 290 2.24 N This Work, 74

(CH3)2NH2SnBr3 293 N/A N/A 66

(CH3)3NH2SnBr3 293 N/A N/A 67

NH(CH3)3SnBr3 296 2.76 N/A 68

NH(CH3)3SnCl3 296 3.59 N/A 68

C(NH2)3SnCl3 295 N/A N/A 69

MASnCl3 297 3.46 N/A 70, 75

*Photoluminescence is given a Y if the property was observed, a N if it was not, and a N/A if not reported.

3.3.4 Synthetic Insights Garnered from Structure: The structural differences between the 

two end-member materials might also give insight into the synthetic conditions necessary for 

synthesizing the FASnI3-xBrx (x = 0 – 3). As mentioned in the synthetic portion of the discussion, 

to achieve a material with 2/3 Br- substitution or greater (x = 2 – 3) the mol fraction of hydrobromic 

acid (χHBr) must be > 0.9. The pronounced inclination towards I- during the synthesis process aligns 

well with the underlying structure. Given that FASnBr3 possesses more “discrete” [SnBr3]- 

pyramidal units, it essentially functions more like a molecular salt, represented as (FA+)([SnBr3]-

), and is associated with a comparatively weaker lattice structure. This makes FASnBr3 more 

soluble in the polar acidic media employed during the synthesis. In contrast, FASnI3 features a 3D 

network of robustly interconnected corner-sharing SnI6 octahedra, resulting in diminished 

solubility in polar solvents when compared to FASnBr3. Therefore, bromide-rich compositions 

tend to have higher solubility than their iodide-rich counterparts. Such differential solubilities 

cause compositions with a higher iodide content to precipitate more easily from the solution. It 

also supports the idea of halide exchange (iodide for bromide) if exposure to the mother liquor is 

prolonged since, from a solubility perspective, precipitation of I-rich phases is more favorable.
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Figure 5: a) The normalized unit cell constants, based on single crystal X-ray diffraction data, for each compound 
synthesized in the FASnI3-xBrx (x = 0 – 3) system. Compounds are labeled by their structure type in black and red for 
the FASnI3 (Pm m) and FASnBr3 (Pa ) structure type, respectively. The dashed line displays the ideal behavior based 3 3
on Vegard’s Law analysis. b) The bond distances for each compound with the FASnI3 structure plotted against 
composition. c) A plot of the U11 (red) and U22 (black) anisotropic displacement parameters as a function of 
composition normalized to the displacement parameters of the central Sn considering the same direction for all 
FASnI3-xBrx compounds that retain the FASnI3 cubic structure. Note that the U22 and the U33 parameters are equivalent 
for both the halide and metal atoms.

3.3.5 Structural Description of the FASnBr3 (x = 0 – 3) Compositions: Upon the 

introduction of Br- into the structure, there is a corresponding decrease in the unit cell parameters 

of the cubic structure (denoted as FASnI3 structure type) following Vegard’s Law (Figure 5a). The 

variations of the standard lattice parameters do not exhibit discontinuities that might attributed to 

a sudden crossover from a lattice dominated by fluctuations of the octahedra tilts (M3
+/R4

+, 

FASnI3-like) to a lattice dominated by atomic translations related to antiferroelectric fluctuations 

(X5
-, FASnBr3-like). The average FASnI3 structure type was retained for the refinements of the 

FASnI3-xBrx (x = 0 – 2.9) structures leading to Br- substituted on the I- site and having the same 

atomic coordinates. Therefore, for these intermediate compositions, the distribution of local static 

disorder is artificially represented in the refined crystallographic structures through the thermal 

displacement tensor Uij and is entangled with contributions related to thermal (phonon) 

displacements.

The inspection of the anisotropic displacement parameters nevertheless allows for the 

characterization of the interplay between the various (M3
+/R4

+ versus X5
-) structural fluctuations. 

From Figure 5c, we first observe that the U22 and U33 anisotropic displacement parameters are very 

strong in FASnI3 and mainly reflect antiferrodistortive fluctuations related to octahedra rotations. 

The thermal displacement parameter U11 related to axial displacements (stretching of the Sn-I 

bonds) is smaller by comparison. When the Br content increases, the most noticeable difference is 

the elongation of the U11 thermal displacement parameters from 36(1) to 148(4) Å2x103 for FASnI3 
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and FASnI0.4Br2.6 respectively. A very strong increase of the U11 parameter is observed for x >1 

leading to a maximum value for FASnI0.4Br2.6. The steep increase for intermediate compositions 

can be partially attributed to the difference in average bond length between Sn – Br and Sn – I and 

the structural differences between FASnI3 and FASnBr3. As the Br- increases, the number of 

[SnBr3]- and [SnIBr2]- units also increase. This leads to a shortening in the bond lengths for regions 

with this motif and respective lengthening of inter-unit distances. In contrast, the [SnBr3]- and 

[SnI2Br]- units present in the structure prefer shorter inter-unit distances with small or negligible 

differences between intra-unit Sn-I and inter-unit Sn-I bonds, thereby forming the connected 3D 

framework, requiring much longer interatomic distances. This then leads to the apparent 

elongation of the anisotropic displacement parameter of the halide sites for the Br- rich 

compositions in the cases where the two different halide positions cannot be resolved. This 

hypothesis is confirmed through low temperature single crystal X-ray diffraction, and room 

temperature pair distribution function (PDF)/Raman spectroscopy vide infra. The suggestion is 

also in line with theoretical findings in the FAPb1-xSnxBr3 composition space, which suggest that 

the off-centering through the lengthening and shortening of bonds is expected to be present up 

until reaching the Pb-rich regime at which point equalization occurs at FAPb0.5Sn0.5Br3.59 The 

distribution of local static disorder in intermediate compositions is entangled in U11 with the 

contributions related to thermal (phonon) displacements. Both reflect the propensity of the 

perovskite lattice to undergo locally X5
- structural distortions. It should be noted that the 

refinements of the average crystallographic structures lead to a clear Pa  space group only for 3

very high Br- contents. This is expected when the correlation lengths related to the X5
- fluctuations 

diverge and when the associated diffuse scattering contributions merge into new Bragg-like 

contributions that can be included in a structure refinement within the Pa  space group. It may be 3

further noticed (Figure 5c) that the values of the U22 and U33 anisotropic displacement parameters 

are only slightly reduced when increasing the Br content by comparison to pure FASnI3. It suggests 

that antiferrodistorsive fluctuations are still present whatever the Br content, even when 

antiferroelectric fluctuations start to dominate. 
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Figure 6: a) depiction of the overall structure of FASnI0.1Br2.9 with the organic FA+ cations omitted. c) a closer look 
at the Sn coordination sphere to Br- and c) I- for FASnI0.1Br2.9. d) the overall structure of FASnI0.4Br2.6 at 260K with 
the organic cations omitted. e) a closer view of the short and f) long Sn – X distances in FASnI0.4Br2.6 at 260K. Both 
are molded in the Pa  space group.3

While most of the FASnI3-xBrx (x = 0 – 3) series retains, on average, the structure of FASnI3 

when x = 2.9 the structure more clearly shifts towards the FASnBr3 motif but with noticeable 

differences.  FASnI0.1Br2.9 crystallizes in the same Pa  space group as FASnBr3 with a 2-fold 3

enlargement of the cell in all three directions; however, the halides are positionally disordered with 

respect to one another, with the Br and I having independent atomic coordinates (Figure 6a). The 

disorder allows the small amounts of I- present to modulate its distance from the Sn center. The 

covalently bonded I atoms obtain a longer bond (2.91(6) Å) compared to an equivalent Br atom 

(2.733(2) Å) whereas the more non-covalent I atom achieves a shorter distance (3.22(5) Å) than 

the equivalent Br atom (3.307(3) Å) which is consistent with the I atoms attempting to establish a 

more stable 3D frameworks compared to the Br atoms, which are stabilized in an extended 

coordination environment (Figure 6b and 6c). 
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3.3.6 Temperature-Dependent Phase Transitions: To further investigate the presence of a 

3D-0D phase transition, low temperature single crystal X-ray diffraction experiments were 

conducted on two members of the FASnI3-xBrx (x = 0 – 3) substitution range, specifically focusing 

on I-rich and Br-rich compounds that retained the FASnI3 3D structure at room temperature. 

Therefore, FASnI1.9Br1.1 and FASnI0.4Br2.6, were selected as representative candidates. Upon 

cooling, FASnI1.9Br1.1 did not display the anticipated phase change; however, at ~260K the 

hypothesized 3D-0D transition was observed for FASnI0.4Br2.6, marked by additional reflections 

in reciprocal space (Figure S10). The resolved structure resembles the room temperature structure 

FASnI0.1Br2.9 with disordered halide positions, but its unique differences (Figure 6d). The best 

crystallographic model was obtained by relaxing the constraints on the coordinates of I and Br, 

refining them independently. As a result, the I and Br occupy different positions with two unique 

interatomic distances to each Sn center each: one bonding (Figure 6e) and one non-bonding 

distance (Figure 6f). The “bonding” distances are 2.681 Å and 2.778Å for Sn – I and Sn – Br, 

respectively and the “non-bonding” distances are 3.332 Å and 3.234 Å for Sn – I and Sn – Br, 

respectively. This places the iodide atoms within bonding distance closer than the bromide and on 

the opposite side of the octahedra. Note that while these distances are referred to as “bonding” and 

“non-bonding,” the longer distances are expected to have a bonding character, albeit they are much 

weaker. 

While this model achieves reasonable agreement statistics, increased levels of disorder 

could be present that is not accounted for (see section 2.4). Nonetheless, the presence of the Pm3

m/Pa  structural transition at low temperatures is related to the condensation of the X5
- structure 3

fluctuations observed at room temperature through the U11 parameter (Figure 5c). It confirms that 

the trend in the room temperature thermal parameters can be attributed to an increased presence of 

off-centering locally while retaining a 3D framework on average and provides a rationale for 

observed PL quenching, vide infra, as these distortions have already been shown to drastically 

decrease PL intensity in MAGeI3.62 Further information on 260K structure of FASnI0.4Br2.6 can be 

found in the supporting information. By conducting additional experiments using temperature-

dependent UV-Vis spectroscopy, we can further validate the existence of the phase transition. This 

confirmation would be evident through the sudden widening of the band gap once the transition 

temperature is reached on cooling.
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3.4. Analyses of the Local Structures for FASnI3-xBrx (x = 0, 1.1, 2.6, 3) Compositions: Pair 

Distribution Function (PDF):

To garner a more in-depth understanding of the local structural distortions of the inorganic 

framework within the mixed halide phases, experimental PDF curves were generated from high-

resolution X-ray powder diffraction patterns using equations S1 – S4. Four compositions were 

selected: FASnI3 and FASnBr3, to obtain a baseline PDF curve for the two unique structure types, 

as well as FASnI1.9Br1.1 and FASnI0.4Br2.6 since these compositions were tested for temperature-

dependent phase transitions through single crystal X-ray diffraction. 

Figure 7: The experimental pair distribution function curves (G(r)) for a) FASnI3 b) FASnI1.9Br1.1 c) FASnI0.4Br2.6 
and d) FASnBr3 with the range of 0-6 Å 

Experimental PDF curves provide information on the density of atoms present at a distance 

r (Å) away from an arbitrary center. Based on the average crystal structure for FASnI3 the local 

structure of 3D Sn MHP inorganic framework contains two main components consisting of 

primary distance vectors of ~3 Å and 4.5 Å for Sn – I bonding and I – I nearest neighbors. On the 

other hand, due to the distortions of the perovskite lattice at room temperature, FASnBr3 contains 

two unique Sn – Br distances at 2.7 and 3.3 Å and a broader distribution of nearest neighbor Br – 

Br vectors providing contrast between the two structure types that can be identified in the G(r). 

Therefore, examination of the low r regions (2-5 Å) of the PDF curves indicates a distribution of 

distortions with short coherence lengths. A more extended range of the calculated G(r), however, 

can be seen in Figure S5
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As expected, the experimental PDF of FASnI3 (Figure 7a) has a strong feature centered at 

~ 3 Å. This vector corresponds to the Sn – I bond in the FASnI3 structure, which deviates ~0.1 Å 

from the distance obtained from the average crystal structure (3.15 Å). However, the position of 

the peak is consistent with the previous experimental PDF conducted on the same phase.76 There 

is, however, identifiable shouldering towards higher r, which could provide evidence for 

emphanitic behavior: a phenomenon previously identified in the MHP literature77 despite having 

roots in chalcogenide chemistry.78-80 The experimental PDF also contains a feature centered at 4.5 

Å, in line with I – I nearest neighbor distance vectors. Refining the local structure of FASnI3 by 

fitting the experimental PDF within the 2-5 Å range shows a reasonable agreement as well as small 

distortions of the SnI6 octahedra: off-centering the Sn atom presumably due to activity of the 5s2 

lone pair (Figure S6). Thus, weak structural fluctuations of the X5
- type are probably already 

present in pure FASnI3 structure.

FASnBr3, on the other hand, shows a much broader distribution of distance vectors within 

the 2.5-5 Å region (Figure 7b), suggesting higher degrees of local dynamicity in the Sn – Br bond 

length as well as other vectors. A sharp feature centering at ~2.7 Å is in excellent agreement with 

the short, bonding Sn – Br distance. Additionally, broader features at 3.18 and 3.42 Å can be 

attributed to the long Sn – Br distances in the 0D unit because the average between the two is 3.3 

Å. The presence of a split distance vector indicates a higher degree of dynamicity in the 3.311 Å. 

Broad features in the G(r) between 4 and 5 Å reflect the fluidity in the nearest neighbor Br – Br 

distance vectors. The fitting of the experimental PDF curve at low r shows that the average crystal 

structure aligns with the local structure (Figure S7). The curve is also consistent with previous 

experimental data collected for FASnBr3, though our local structure explanation differs 

significantly since here Pa  model was used as the basis structure instead of Pm m .81 3 3

Comparisons of the mixed halide PDF curves with the end members show a remarkable 

trend in the short-range structure of these mixed halide phases. The PDF of FASnI1.9Br1.1 

resembles that of FASnI3 with a well-resolved peak in the curve at ~3 Å (Figure 7a). Splitting of 

both the bonding and nearest neighbor halide peaks indicates local discrepancy of these distances, 

likely associated with mixed I/Br on the halide position. On the other end of the substitution range, 

FASnI0.4Br2.6 displays a curve most similar to that of FASnBr3 despite the average crystal structure 

being consistent with FASnI3. Furthermore, the PDF of this Br-rich phase shows a prominent 

distance vector at the same 2.7 Å corresponding to the short distance in a [SnBr3] 0D unit (Figure 
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7b). The presence of this distance vector indicates a dynamic competition between the concealment 

and expression of the 5s2 lone pair of electrons a local level that is not captured in the average 

crystal structure, with the exception of the elongation of the displacement parameters. Attempts to 

model the experimental PDF curves for these mixed halide phases using supercell approximations 

to the halide substitutions and Reverse Monte Carlo simulations could yield a more in-depth 

understanding of this competition. Such modeling, however, is outside the scope of the current 

work. The definitive presence of significant Sn off-centering in the short-range does explain the 

trends in the optical properties of the bulk materials.

Figure 8: Solid-state 1D (a) 119Sn and (b) 1H magic-angle spinning NMR spectra of FASnX3 alloys as indicated. 
Solid-state 2D 1H-1H spin-diffusion (SD) NMR spectra of (c) FASnI1.9Br1.1 and (d) FASnI0.4Br2.6 phases plotted with 
the sky-line projections presented on horizontal and vertical axes in the insets. All spectra were acquired at 18.8 T 
(1H = 800.1 MHz and 119Sn = 298.4 MHz), 50 kHz (a-b) or 55 kHz (c-d) MAS and at room temperature.

3.4 Solid State 119Sn and 1H NMR Studies on FASnI3-xBrx (x = 0, 1.1, 2.6 3):

Solid-state NMR spectroscopy can analyze local chemical environments of organic cations 

in the cuboctahedral cages and organic-inorganic interfaces, which does not require long-range 

order.82-85 Figure 8 presents 119Sn and 1H spectra of pure phases and alloys. For example, 119Sn 
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shifts are sensitive to the oxidation state of the Sn atoms, Sn – X bond distances, Sn – X – Sn bond 

angles and octahedral distortions. The octahedral Sn atoms in the (II) oxidation state produce 119Sn 

NMR peaks in the range of -1000 and  500 ppm.86-92 For the 3D FASnI3 (Figure 8a), the peak 

centered at 166 ppm is attributed to the Sn atoms in an octahedral coordinated tin iodide network. 

By comparison, the 3D FASnBr3 materials produced a peak at -138 ppm due to the Sn atoms 

coordinated to Br atoms. For the FASnI1.9Br1.1 and FASnI0.4Br2.6 alloys, the peaks centered at -7 

and -31 ppm, respectively, indicate the different local chemical environments of the Sn atoms, 

which are coordinated to both I and Br sites. The full-width-at-half-maximum (fwhm) values 

associated with the FASnI1.9Br1.1 (fwhm: 178 ppm, ~53 kHz) and FASnI0.4Br2.6 (322 ppm, ~96 

kHz) compounds, as compared to the pure phases: FASnI3 (121 ppm, ~36 kHz) and FASnBr3 (131 

ppm, ~36 kHz), further corroborate these results. Specifically, the fwhm of ~322 ppm (96 kHz) in 

Br-rich phase, which is identical to the chemical shift difference (119Sn) = 304 ppm (~91 kHz) 

between FASnI3 and FASnBr3. The different lineshapes associated with the FASnI1.9Br1.1 and 

FASnI0.4Br2.6 compounds by means of both chemical shifts and fwhm values suggests halide 

mixing. It is noteworthy that halide hopping may occur in such species, and degradation products 

may also form upon exposure to ambient, as previously studied by ssNMR spectroscopy.86, 88-90 

Additionally, the 1H NMR spectra of FASnI3 and FASnI1.9Br1.1 phases (Figure 8b) exhibited peaks 

associated with FA cations corresponding to NH2 (7.2 ppm) and CH (7.9 ppm) sites. For the 

FASnI3 and FASnI1.9Br1.1 phases, the relatively narrow features appeared for NH2 (7.5 ppm) and 

CH (8.1 ppm) sites. These narrow features indicate the faster re-orientational dynamics of FA+ 

cations in the bromine-rich phases than the iodine-rich phases, due to the different tolerance 

factors. In addition, the relative difference in the 1H chemical shifts Δδ 1H (NH2) = 0.3 ppm, and 

Δδ 1H (NH) = 0.2 ppm between the bromine-rich and iodine-rich phases indicate the different non-

covalent interactions at the organic-inorganic interface. It is noteworthy that the 1H chemical shifts 

of the FA+ cations FASnI3 phases (7.2 and 7.9 ppm) are different than the FAPbI3 phases (7.5 and 

8.1), further indicating the different local structures and dynamics of cage cations.93 The solid-

state NMR data reinforces the different local environments for the Sn centers, specifically being 

well aligned with the distribution of distance vectors in the PDF. The unique ability to probe the 

organic cation, which is not easily seen through X-ray scattering techniques, adds additional 

evidence for the above-mentioned structural distortions that increase on a local scale with Br- 

concentration  as the FA+ cations due to different local chemical environments, with an extended 
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pseudo-0D framework as opposed to the more rigid SnI6 cage structure. The different local 

chemical environments of FA+ and their intermixing nature is further corroborated by analyzing 

2D 1H-1H spin-diffusion NMR spectra of FASnI1.9Br1.1 and FASnI0.4Br2.6 compounds. A beneficial 

feature of 2D 1H spin diffusion experiment is that it allows spin magnetization to exchange 

between dipole-dipole coupled 1H-1H sites, enabling the through-space proximities between them 

to probed and distinguished. Close proximities are manifested as off-diagonal peaks, while the on-

diagonal peaks are characteristic to chemical shifts. For the I-rich FASnI1.9Br1.1, the SD spectrum 

acquired with 200 ms showed broad on-diagonal features for NH2 and CH sites, and the off-

diagonal features (gray bands) indicate the strong dipolar interactions between them. By 

comparison, the Br-rich FASnI0.4Br2.6 compound displays narrow features for NH2 with up to five 

partially resolved contributions (Figure S8a) due to the different local chemical environments of 

these sites and CH sites. The well-resolved off-diagonal features between these sites suggests 

stronger dipolar interactions due to the close inter- and intramolecular proximity. More 

importantly, the peaks depicted in the red arrows indicate the close proximities between the NH2 

groups in FA cations at different local chemical environments, indicating the intermixing of Br/I 

halide sites rather than a phase separation. This is further corroborated by acquiring and analyzing 

the 1H SD spectra of this latter compound with different spin diffusion mixing times (Figure S8). 

Overall, the 2D solid-state NMR analysis confirms the different local chemical environments of 

FA cations and their proximities in I-rich and Br-rich alloys. 

3.5. Optical properties:
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Figure 9: a) Diffuse reflectance UV-Vis spectra for selected compositions, highlighting the positions of the absorption 
edges and b) the estimated optical band gap for selected compositions in the FASnI3-xBrx (x = 0 – 3) composition 
space. The compounds are labeled in black and red depending on if it adopts the FASnI3 or FASnBr3 structure type.

3.4.1 Diffuse Reflectance UV-Vis Spectroscopy: The optical diffuse reflectance absorption 

edges for selected compositions (Figure 9a) shows a blue shifting (widening) of the band gap 

across the composition space from x = 0 – 3 based on movement of the linear onset of the 

absorption. The band gap can then be approximated through the linear extrapolation of the linear 

onset of the absorption with the observed background before the absorption edge.94 Through this 

approximation, we estimate the band gap of FASnI3 to be ~1.31 eV and FASnBr3 to be ~2.24 eV 

which is within range of band gaps obtained for these materials in previous works31, 32 given that 

is has been shown that the band gap of hybrid perovskite materials can vary based on the 

preparation method.31 These band gaps values can be compared to both end compositions of their 

lead counterparts, where FAPbI3 (α-phase) and FAPbBr3 have a band gap of 1.48 eV31, 34 and 2.30 

eV,95 respectively. 

When plotting the estimated gap for the title compounds with respect to composition 

(Figure 9b), we find that for those compounds that adopt the FASnI3, Pm m, structure there is a 3

near linear behavior consistent with increasing concentrations of the smaller Br- frontier orbitals. 

However, with the shift towards the FASnBr3, Pa , structure, there is a sharp widening of the gap 3

from 2.05 to 2.24 eV, which the disruption in the structure can explain. As 3 of the 6 bonds 

elongate, the overall orbital overlap of the material drastically decreases, leading to a sharp 

decrease in the band dispersion. Such an explanation is confirmed through the calculation of the 

band structures (vide infra). Therefore, the FASnBr3 compositions can be considered the extreme 

example where the overlap is removed almost entirely for half of the Sn – X bonds. This idea can 

also be reconciled with other studies on “hollow” perovskites where substitution of [MX6] 

octahedra for an organic molecule leads to a blue shifting of the gap as the overall orbital overlap 

between the metal and halide reduces with increased substitution levels.85, 96 

These trends can also be compared with that of CsSnBr3 with its 3D perovskite structure.77 

The observed difference in bandgap between both ends of halide members in our compounds is 

0.93 eV: 1.31 eV for FASnI3 compared to 2.24 eV for FASnBr3. This can be compared to a 0.6 eV 

difference in the cesium lead halide perovskites: 1.68eV band gap for black CsPbI3
97 and 2.29 eV 

for CsPbBr3.98 Another relatively smaller difference in bandgap is 0.47eV when comparing the 

bandgaps of CsPbBr3 (2.29 eV)  and CsSnBr3 (1.82 eV).77, 99 We therefore attribute the higher 
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bandgap difference in our compounds between the bromide and iodide compounds to the emerged 

structural changes leading to the disconnection of the proper 3D perovskite network.

3.4.2 Photoluminescence Spectroscopy: The Photoluminescence (PL) spectroscopy for 

selected compositions was performed using thin film samples (Figure 10a). A stock solution of 

0.8M was used for spin coating the tin perovskite thin films in the glovebox. Given the enhanced 

sensitivity of the PL measurement for thin films, our PL measurements on thin films gave stronger 

PL peaks compared to powder samples. 

Figure 10: Photoluminescence (PL) of thin films for selected compositions to investigate the PL transition in FASnI3-

xBrx (x = 0 – 3) series, a) an image of representative thin film samples b) PL absolute value spectra showing drastic 
decrease in intensity with Br incorporation, c) normalized PL spectra of the first three selected composition from 
iodide rich region, and d) no PL intensity  for bromide rich compositions.

For the first three selected samples, the PL peak position increases in energy with respect 

to composition as the emission was detected at 869 nm, 763 nm, and 729 nm for FASnI3, 

FASnI2.3Br0.7, and FASnI1.9Br1.1 respectively (Figure 10b, c). These results are in accordance with 

our optical band gap measurements on these samples. However, as the concentration of 

incorporated bromide into the crystalline structure increased, there was a drastic quenching of the 

PL intensity. Comparing the PL intensity of FASnI3 vs FASnI2.3Br0.7 (Figure 10b) more than 90% 

of the observed intensity was lost. This quenching effect increased as PL emission fell below the 

background for FASnI1.1Br1.9 and FASnBr3. (Figure 10d). Time-resolved photoluminescence 

(TRPL) spectra showed a significant drop in PL lifetime by increasing the bromide concentration. 
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The FASnI2.3Br0.7, and FASnI1.9Br1.1 samples have a lifetime shorter than 1 nanosecond and their 

decay curve interferes with the width of our instrument response function (IRF). (Figure S9). 

The strong structural transitions induced by increasing the concentration of bromide can 

be the origin of the observed PL quenching and reduced lifetime. Through the compositional 

changes from iodide rich phase to bromide rich phase, the dominance of the pseudo 0D [SnBr3]- 

molecular units (antiferroelectric distortions) across the lattice was observed rather than corner-

sharing [SnBr6]4- octahedral units. As discussed in the structural section, these changes happen 

when 3 of the 6 bonds in the SnBr6 octahedra extend to make room for the lone pair. Formation of 

these isolated [SnBr3]- structural units limits the charge transfer across the lattice, increasing the 

non-radiative recombination and eventually leading to quenching of the PL intensity. In contrast, 

the perovskite structure of three-dimensional CsSnBr3 possesses corner-sharing SnBr6 units and 

shows photoluminescence.77 The observed structural transition in FASnBr3 and the evolution of 

isolated more [SnBr3]- units can be attributed to the presence of FA cation, which is bulkier (with 

an effective radius of 258 pm)72 compared to Cs (184 pm)73 leading to deformation of [SnX6]4- 

octahedral units by decreasing the size of halide and the cavity between the corner shared units.

Figure 11: a) the Raman spectrum for FASnI3 and FASnI1.9Br1.1 in black and red, respectively. The inset shows the 
3D FASnI3 perovskite structure. b) the Raman spectrum of FASnI0.4Br2.6 and FASnBr3 in blue and green, respectively. 
The inset depicts the FASnBr3 0D structure. Both graphs have the -7 – 7 cm-1 range omitted to remove the intensity 
from the excitation laser.

These results are in accordance with pressure-induced structural changes that directly 

impact the optoelectronic properties of tin bromide compounds.74 Moreover, the Ge off-centering 

observed in germanium iodide perovskites (with different cations, FA, MA or Cs) was observed 

leading to undetectable PL intensity for this material at ambient conditions while higher pressure-
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induced recovery of 3D structure and improving related PL intensity.62 While similar pressure-

induced phase transitions studies were performed on tin halide perovskites,74 to our knowledge, 

no studies have been done on the mixed halide (specifically FASnI3-xBrx) compositions. We 

eagerly propose performing this study where our results indicate similar PL behavior will be 

observed. To investigate the mechanism of PL quenching further, low frequency Raman 

spectroscopy was conducted on select samples.

3.4.3 Raman Spectroscopy: Given the presence of structural differences between FASnI3 

and FASnBr3, the observed temperature-dependent phase transition of FASnI0.4Br2.6, deviation in 

the local inorganic framework, and the complete PL quenching for samples having Br- fractions 

exceeding and including x = 1.9, room temperature low frequency Raman spectroscopy was 

conducted on 4 select samples to confirm further a lattice distortions characteristic of the Pa  3
phase for compositions that retain an average 3D perovskite structure at room temperature. 

Presented in Figure 11, spectra for FASnI3 and FASnBr3 were collected to form a baseline for the 

two different structural variations as well as for FASnI1.9Br1.1 and FASnI0.4Br2.6 since these 

compositions were structurally studied at low temperatures through single crystal X-ray diffraction 

and retain an average 3D structure at room temperature.

The vibrational density of states of hybrid halide perovskites typically exhibit 3 different 

regions based on the shift, with the regions being well defined for the Pb analogues: 10 – 50 cm-1 

(PbX6 lattice modes mostly related to octahedra rotations), 50-500 cm-1 (coupled lattice and 

organic modes, including Pb – X stretching modes), and 500-3500 cm-1 (individual molecular 

modes).100 Here we present data within the two spectral ranges corresponding to the lattice and 

organic-lattice coupled vibrational modes within the 7-300 cm-1 range. The Raman scattering 

selection rules for the Pm m perovskite lattice indicates that in the harmonic approximation, no 3
lattice optical modes should be Raman active.101 These selection rules can be broken when 

anharmonic and relaxation processes are present, leading to quasi-elastic signatures in hybrid and 

inorganic perovskites.101, 102 The observed spectrum of FASnI3 is consistent with this behavior 

(Figure 11a), were A small contribution appears around 88 cm-1 as a shoulder. It is attributed to 

the Raman activation of a lattice mode by anharmonic processes. This broadness at low frequencies 

highlights the dynamicity of the inorganic lattice and is similar to other hybrid halide perovskite 

materials that have been studied previously. 100, 102, 103 FASnBr3 similarly to FASnI3 is broad at 
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very low energies, suggesting the same dynamicity for the inorganic framework, likely caused by 

relaxation processes related to local rotations. Additionally, there is a sharper, more intense higher 

energy feature centered around 110 cm-1. Studies conducted on MASnI3 would suggest that this 

stretch corresponds to a vibration mode of the organic coupled with Sn – Br stretching..104 

However, studies conducted by Gao, et al. on the CsMBr3 family (M = Ge, Sn, Pb) suggest a more 

adequate assignment of this feature to structural distortions due to expression of 5s-electron lone 

pairs of Sn. A similar, albeit higher energy, feature is experimentally observed in the Raman 

scattering of CsGeBr3 assigned to Ge off-centering.105 The observation of the 110 cm-1 feature fits 

nicely with the assignment of the Pa  space group, where Raman scattering selection rules are 3

different and optical lattice modes can be observed even in the harmonic approximation. It should 

also be noted that the components and irreducible representations of the Raman modes can be 

mapped using a similar methodology used to analyze the CsGeX3 (X = I, Br, Cl) series, 106 but 

such analysis falls outside the scope of the presented work. 

The I-rich and Br-rich compounds tested in the FASnI3-xBrx (x = 0 – 3) mixed halide space 

showed identical behavior to the end member closest to in composition (Figure 11a & 11b). 

FASnI1.9Br1.1 has a broad spectrum with a slightly more intense peak at the lowest energies. This 

supports the idea that the structure does not locally distort with appreciable concentrations for the 

experiment since a high intensity feature around 90-110 cm-1 is not present. FASnI0.4Br2.6, on the 

other hand, displays nearly identical behavior to FASnBr3 with a higher energy feature, which is 

slightly broadened and shifted to lower energies (peak center around 99 cm-1). The shift and 

broadening of the peak are consistent with both the incorporation of increased I- fractions, as the 

Sn – I bond is weaker and longer than the Sn – Br bond, and the reduction of distortions. The 

presence of this feature does, however, support the presence of relatively isolated pyramidal-like 

structural units which get more numerous with higher bromide concentration (See the related peak 

in Raman spectra of FASnI0.4Br2.6 and FASnBr3 in Figure 11b). The distribution of local low 

symmetry lattice distortions is leading to the breaking of the Raman selection rules despite the 

refinement of the average crystal structure in a Pm m space group. Combining these findings with 3

the conclusions drawn by the room temperature and low temperature single crystal diffraction 

experiments indicates that although the lattice is dynamic and maintains a 3D structure, the Sn 

lone pairs locally compete for their own space. Further theoretical studies into the vibrational 

modes of these mixed halide compositions could verify the assignments of these peaks.
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3.6 Photostability of FASnI3-xBrx Films:

The photostability of mixed halide lead perovskite in operational conditions is an important 

research topic and has been investigated considerably.107, 108 A common practice for the synthesis 

of wide bandgap perovskites (>1.65 eV) is through the substitution of iodide with bromide (more 

than 20%).109 These compositions, however, destabilize under prolonged illumination through 

phase segregation, i.e. under light illumination, Iodide-rich and Iodide-poor regions are formed. 

This phenomenon is called “halide segregation” and can be investigated by the photoluminescence 

(PL) study of related thin films upon exposure to light. 

Here, we studied this phenomenon for the Sn-mixed halide films including FASnI3, 

FASnI2.6Br0.4, FASnI2.3Br0.7, and FASnI1.9Br1.1. Since the primary method for observing this halide 

segregation is observing shifts in the PL peak position, only a limited scope of compositions was 

studied. The PL peak shift position is a measure of the quantity of iodide-rich phase formed. A 

detailed description of the film fabrication and the study is presented in the experimental section. 

The obtained PL spectra of each thin film as a function of illumination time are presented in Figure 

12. 
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Figure 12 Steady-state PL emission spectra under continuous illumination (a) FASnI3 (b) FASnI2.6Br0.4, (c) 
FASnI2.3Br0.7 and (d) FASnI1.9Br1.1. Each graph presents the PL emission spectra of related films before illumination 
at 0 time and after 1, 3, 6 and 24 hours of illumination under 1 sun. Detailed PL peak positions are listed in Table S8.

As a general reflection on the PL graphs for all the samples, we observed a decay in PL 

intensity for all samples after light illumination. This process is typical for perovskite thin films 

and is often induced by ambient exposure, high temperature, and illumination. For FASnI3 film a 

blue shift of 20 nm was observed after 24 hours of illumination, which is solely induced by film 

degradation under ambient conditions and to a lesser extent induced by high temperature due to 

light illumination. The ambient exposure in tin perovskites can induce tin (II) partial oxidations to 

tin (IV) causing such blue shifting. 

For the mixed halide phases, peak shifts of 18 nm, 2 nm, and 18 nm were observed for 

FASnI2.6Br0.4, FASnI2.3Br0.7, and FASnI1.9Br1.1 respectively. The observed shift in FASnI2.6Br0.4 is 

towards higher wavelength (similar to that of FASnI3 thin films) indicating the origin of the shift 

is degradation of the perovskite films due to ambient atmosphere and heat exposure (rather than 

halide segregation). Considering the energy difference between the valence band maximum 

position of iodide rich compositions (compared to that of bromide rich) they are more susceptible 

to oxidative degradation, hence a blue shift of the PL peak position was observed. A temporary 

increase in PL intensity is also observed after 1 and 3 hours of illumination. The origins of this, 

though, would require further investigation but can be referred to light-induce passivation caused 

by a rapid increase of quasi-fermi level splitting (Δμ) which was observed in perovskite mixed 

halide compositions short after light illumination.110, 111 Enhanced PL intensity by increasing the 

quasi-fermi level splitting is mostly effective in short light illumination time when a limited 

bandgap shift is detected. Our findings suggest that we observed the same phenomenon where 

enhanced PL intensity with limited PL peak position was observed after 1 and 3 hours of light 

soaking. 

FASnI1.9Br1.1 thin film showed a red shift of 18 nm after 24 hours of illumination. This is 

indicative of a dominating halide segregation effect due to the formation of iodide-rich regions of 

the film, which have narrower band gaps and lower energy PL emissions. For FASnI2.3Br0.7, only 

a 2 nm shift was observed alongside decreased PL intensity, suggesting that both film degradation 

and halide segregation are occurring simultaneously. This is clear when considering the shape of 

PL spectra of the FASnI2.3Br0.7 composition after illumination, where peak broadening happens for 
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this specific composition more than others (Figure 12a – d). We detected a FWHM of 62 nm before 

illumination which gradually increased after light illumination to 86 nm after 24h (Table S9).

These degree of PL peak shifts for these Sn perovskites mimic their lead counterparts, 

suggesting that these phases may benefit from the same approaches used to control halide 

segregation investigated for the Pb-based materials such as dimensional control112 or octahedral 

tilting distortions through structural modifications.113, 114

3.7 Impact of Lone Pair Expression Studied with Density Functional Theory (DFT):

Based on first-principles calculations (see computational details), we investigate the 

structural and electronic properties of FASnI3-xBrx, for x = 0, 0.417, 2.583, and 3. We include the 

effect of local disorder (polymorphism, see computational details) that has been demonstrated to 

be ubiquitous in perovskite physics to describe the distribution of local octahedra rotations in 

nominally Pm m structures.52 In the case of FASnI3 and FASnBr3, accounting for local disorder 3

leads to an energy stabilization of 87.3 meV/f.u. and 124.8 meV/f.u. respectively compared to their 

idealized Pm m structures. In addition, this computational protocol provides DFT-optimized 3

structures consistent with the experimentally determined averaged structures, exhibiting very clear 

structural distortions characteristic of stereochemically expressed Sn-5s2 lone-pair for FASnBr3. 

In contrast, it is found to a lesser extent for FASnI3 (Figure 12a). Let us note that larger supercells 

might lead to a better description of the effect in FASnI3.
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Figure 13: Electronic properties of idealized (Pm m) and distorted (Pa ) FASnBr3. Electron spectral functions (color 3 3
maps) and charge densities of the idealized FASnBr3 (a,b,c) and distorted FASnBr3 (d,e,f). Electron spectral functions 
(a,d) are evaluated using band structure unfolding. The energy axes are adjusted so that the VBM is set at zero energy. 
Charge densities at the VBM (b,e) and CBM (c,f) are evaluated at the R-point of the fundamental Brillouin zone of 
the idealized FASnBr3 Pm m unit cell. In the ball and stick models, the FA molecules are removed for clarity.3

To ease comparison between the various compositions, we use the band structure unfolding 

technique, leading to representations of the distorted Pa  electronic structure in the Brillouin zone 3

of the parent Pm m structure (Figure 13d). 53 This representation also has the advantage of linking 3

the additional electronic contributions to structural lattice distortions concerning the parent cubic 

structure. All structures show a direct band gap at the R point. Consistently with experimental 

findings, increasing the bromine concentration sizably increases the computed fundamental band 

gap, from 0.38 eV for FASnI3 to 1.04 eV for FASnBr3 (Figure S13b-e). Such an increase is 

expected upon halide substitution. Concomitantly, band curvature at the band edges increases and 

bands undergo smearing across the Brillouin zone. In order to disentangle the respective effect of 

local antiferrodistorsive disorder and stereochemical expression of the Sn-5s2 lone-pair, we further 

compare the electronic structure of FASnBr3 to that of related model structures. 

Firstly, the comparison is carried between the momentum-resolved density of states 

(electron spectral function) computed for FASnBr3 in the cubic Pa  space group with and without 3

taking into account local antiferrodistortive disorder. Both plots show no significant differences 

Page 38 of 56

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



39

(Figure S14). This suggests this structural disorder does not play a predominant role in the new 

features observed with increasing bromine content (Figure 13d). Then, to inspect the specific effect 

of the structural distortion attributed to the lone-pair expression in the Pa  structure, we compute 3

the electronic properties of the idealized structure of FASnBr3 where atoms of the inorganic 

network are fixed to the Wyckoff positions of the Pm m symmetry (Figure 13a), for which this 3

structural feature is absent. The corresponding electronic structure exhibits a direct band gap of 

0.52 eV and hole (electron) effective masses of mh = 0.086 m0 (me = 0.117 m0), where m0 is the 

free electron mass.  The charge density plots of the valence band maximum (VBM) and conduction 

band minimum (CBM) at the R-point reveal that the VBM is determined by the antibonding 

coupling of the Sn-5s and Br-4p orbitals (Figure 13b), while the CBM mainly stems from Sn-5p 

orbitals (Figure 13c). Conversely, the corresponding charge densities computed for the Pa  3

structure (Figs. 13e and f, respectively) provide clear evidence of asymmetric charge redistribution 

due to the lone pair-induced structural distortion. Specifically, the lone pair manifests as an off-

center lobe of electron density around the Sn atom, which diminishes the antibonding interaction 

between the Sn-5s and Br-4p orbitals in the three shortest Sn – Br bonds. Consequently, the band 

gap increases markedly to 1.04 eV, alongside a significant change in the effective masses, with the 

hole mass mh = 0.167 m0 and me = 0.240 m0. The observed energy smearing with the formation of 

new states at the X and M points (Figure 13d) can also be traced back to the stereochemical 

expression of the Sn 5s2 lone-pair. The formation of these new states at the X and M points can be 

understood as replicas of the states at the R point induced by lowering the symmetry due to the 

lone pair-induced lattice distortion. For completeness, we also report the projected density of states 

calculated for the two structures in Figure S14. 

4.0 Conclusions:

The FASnI3-xBrx (x = 0 – 3) series represents a group of compounds that, on the surface, 

fulfills the role of a more environmentally sustainable alternative to Pb MHPs given their suitable 

band gaps for single and multi-junction solar cell devices. However, an in-depth analysis of the 

structure-property relationships suggests that local structural dynamics leads to the degradation of 

the coveted optoelectronic properties, namely the photoluminescence and lifetime. The room 

temperature crystal structures are the first indication of such fluctuations with the phase space 

behaving as a non-ideal “solid-solution” where the x = 0 – 2.9 compounds crystallize in Pm m 3
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while FASnI0.1Br2.9 and FASnBr3 are of lower symmetry (Pa ) due to significant Sn off-centering 3

from 5s2 loan pair expression. Probing the local perturbations of the lattice for the I-rich and Br-

rich regions through Raman scattering and Pair Distribution Function (PDF) elucidates 

antiferroelectric distortions. The short-range PDF curve for FASnI0.4Br0.6 provides the most 

informative view of the inorganic framework as it is consistent with a FASnBr3-type structure (Pa3

) yet averages to a Pm m structure type. Solid-state 119Sn and 1H NMR bolster this claim with 3

varying chemical shifts of the Sn and the interrogation of the local structure of the organic. The 

FA+ cation shows sharper features for Br-rich samples as opposed to I-rich mostly likely due to a 

more loosely connected framework associated with a relatively weaker cage. Competition between 

the concealment and expression of the Sn lone pair then provides a rationale for the observed PL 

quenching upon adding Br- starting from FASnI3. Theoretical calculations further support the 

complex dynamics and the origins of the dissipation of the typically robust PL and electronic 

properties where the calculated effective mass for both holes and electrons effectively doubles 

between a hypothetical pristine Pm m and the true distorted Pa  structure of FASnBr3. The phase 3 3

space may prove to be even more problematic for adoption in photovoltaics given the observation 

of halide segregation upon light illumination, which was explored for those compounds that 

showed an observable PL emission above the background. FASnI1.9Br1.1 shows a gradual 

redshifting of the peak position after 0 to 24 hours of 1 sun light exposure, consistent with halide 

segregation. It remains to be seen, though, if these materials would benefit from the same methods 

used to mitigate halide segregation of the Pb-based counterparts. This research provides a 

fundamental guide to synthesizing and characterizing these compounds for further study while 

simultaneously developing a cautionary stance towards blind assumptions regarding halide 

perovskite structure and application. To fully grasp the potential applications for these chemically 

substituted phases, a prior understanding of the fundamental chemical influences at play remains 

crucial.

Supporting Information: 

Additional synthetic procedures and experimental methods, bulk X-ray powder diffraction 

patterns, additional sample photo for FASnBr3 and FASnI0.1Br2.9, additional SEM images, 

reciprocal space images, PDF curves considering an extended range of r, fitted PDF curves, 2D 
1H-1H spin-diffusion (SD) NMR spectrum, time resolved photoluminescence spectra, photo of the 
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light illumination setup, photo of sample holders used for Raman spectroscopy, additional band 

structure diagrams and density of states plots, additional crystallographic information tables for 

the title compounds, the low temperature refinement of FASnI0.4Br2.6, and identified impurity 

phases, average atomic percentages from SEM-EDS experiments, PL peak position table for light 

illumination studies, calculated FWHM values for FASnI2.3Br0.7 thin films after illumination, and 

additional references
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