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ABSTRACT: Formamidinium tin triiodide (FASnI3) is a strong contender for
sustainable harvesting of solar energy and further optoelectronic applications.
So far, only a few studies have considered its fundamental structure−property
relationships, given the challenge of ensuring a high material quality. In a
concerted effort, we here study high-quality FASnI3 single crystals through a
combination of X-ray crystallography, density-functional-theory-based elec-
tronic structure calculations, and photoluminescence spectroscopy from room
temperature down to 4 K. The luminescence exhibits irregular trends upon
cooling with a generally strong intensity increase, but a range of negative
thermal quenching, leading to an intensity maximum around 185 K which is
absent in low-quality samples. Differences in the photoluminescence peak position and density-functional-theory-calculated
band-gap energies highlight the importance of dynamic processes to the observable properties of FASnI3. The presented data
offer deeper insight into the temperature-dependent characteristics of this halide perovskite and present opportunities for
future exploration of its optoelectronic properties.

Research into metal halide perovskites (HaPs) has
initially been driven by the surge in power conversion
efficiency (PCE) of photovoltaic cells based on lead-

containing compounds. Nonetheless, it has long spread out
into other (opto-)electronic applications, including light-
emitting devices, X-ray and photodetectors, and field-effect
transistors, accompanied by an ever-growing variety of
compositions. Of these compounds, three-dimensional tin
iodide-based perovskites are particularly interesting. Not only
are they considered to be much more environmentally friendly
than lead-containing materials,1 but their narrower band gap
also allows for a better coverage of the solar spectrum2,3 as well
as a higher theoretical solar cell PCE than that of their well-
performing relatives based on Pb. An extraordinary long
cooling time of hot charge carriers, for FASnI3, in particular4

offers an additional interesting opportunity for research into
hot carrier solar cells and concentrator devices.5

With a near-infrared photoluminescence (PL) that has been
reported to be brighter than that of related lead-containing
compounds,6 FASnI3 might furthermore be a promising
candidate for applications in optical communication or
diagnostics. A large piezoelectric response7 as well as the
potential for a high figure of merit in thermoelectrics owing to
their low thermal conductivity add to the interest in studying
the fundamental properties of tin iodide perovskites.8,9

The major limiting factor for their successful application is
the poor stability toward air exposure, commonly attributed to

the easy formation of tin vacancies10,11 and the oxidation from
Sn2+ into Sn4+. Engineering efforts have led to great advances
in the understanding and the mitigation of these pro-
cesses,12−17 as exemplified by recent progress in solar cell
performance.18,19

With few exceptions,2,20,21 research into the optoelectronic
properties of tin-based HaPs has so far been focused on thin
films. In an effort to broaden these insights and combine
different techniques for the analysis of the same samples, we
therefore focused our current investigation on single crystals of
FASnI3. We employed X-ray diffraction to thoroughly analyze
the crystal structure and find three different phases over a
temperature range from 298 K down to 85 K, with results
contradicting previous reports. Using these data, we performed
density-functional-theory (DFT)-based calculations of the
electronic material properties and relate our insights to results
obtained from PL spectroscopy on both single crystals and
polycrystalline thin films. Our computational findings indicate
negligible changes of the band-gap energy for the different
crystal structures, which is in accordance with the absence of
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discontinuities of the PL peak around the phase transitions in
single crystals, but highlights the importance of dynamic effects
on the band-gap energy through phonons. Inversion symmetry
is lost in the low-temperature tetragonal phase, which gives rise
to a Rashba-type splitting of both the conduction and valence
bands.22 The most intriguing result not reported before is a
region of negative thermal quenching of the luminescence,
which is especially pronounced in high-quality thin films.
Previous work on the temperature-dependent PL of FASnI3

thin films exhibited abrupt changes to the peak luminescence
energy, which were tentatively ascribed to changes to the
material’s crystal structure.6,23 We first aim to establish a clear
picture of the structural changes that the material undergoes
upon cooling from room temperature down to 85 K (our
experimental limit). This will then be used to examine the
electronic structure and to compare it with experimental results
from PL spectroscopy.
X-ray diffraction was performed on single crystals of ∼0.1

mm in size (for details of the structure determination and
refinement, see the experimental section in the Supporting
Information). In line with Mitzi’s early assessment,24 the
material forms a cubic crystal structure (space group Pm3̅m) at
room temperature, where the formamidinium (FA) molecules
are free to rotate and are completely rotationally disordered. A
representation of the structure is given in Figure 1a,b. (See
Table 1 for further details.)
Upon cooling, the material undergoes a phase change at 255

K and becomes tetragonal (P4/mbm, Figure 1c,d). This is

chiefly due to an in-plane rotation of the SnI6 octahedra.
Simultaneously, the FA molecules become oriented in the ab
plane; the space group symmetry imposes linearity on the
molecules, which can best be modeled with large ellipsoidal
displacement factors in the c direction. This implies a two-fold
disordered orientation via the mirror plane that lies
perpendicular to c. This transition also induces pseudo-
merohedral twinning, where three domains are formed by
successive 120 °C rotations around the tetragonal [201̅] axis
(the reciprocal [101̅] axis), as previously observed and
discussed for MAPbI3.

25 A further reduction in temperature

Figure 1. FASnI3 undergoes two phase transitions in the temperature range from 300 to 85 K. (a,b) The cubic phase at room temperature
contains fully rotationally disordered FA molecules. (c,d) The structure becomes tetragonal at 255 K due to an in-plane rotation of the SnI6
octahedra. The orientation of the FA molecules is two-fold disordered due to mirror planes (shaded light blue). (e,f) Doubling of the c-
lattice parameter occurs at 155 K, as the mirror planes perpendicular to the c-axis are removed and the FA molecules become fully ordered.
There are now two distinct layers of SnI6 octahedra with different rotation angles.

Table 1. Structural Data Extracted from Temperature-
Dependent X-ray Diffraction Carried out on Single Crystals
(Lattice Parameters Determined at 298, 200, and 100 K)

phase structure transition parameters comment

α cubic a = 6.307(2) Å FA completely
rotationally
disordered

Pm3̅m
β tetragonal 255 K a = b = 8.882(1) Å in-plane rotation

of SnI6
octahedra

P4/mbm c = 6.270(1) Å FA two-fold
disordered by
mirror plane

γ tetragonal 155 K a = b = 8.838(1) Å FA completely
ordered

P4bm c = 12.407(2) Å
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leads to a second phase transition at 155 K, where the c-axis
doubles due to the complete ordering of FA (Figure 1e,f). The
same three twin domains are maintained. The observed
reflection conditions are consistent with space group P4/mbm
or P4bm; structure solution and refinement in the latter gave a
significantly better fit (R1 = 0.0431 versus 0.0617), implying
that the cation ordering breaks inversion symmetry. No further
change in structure occurs over the range down to 85 K.
We note that our findings on the structure of FASnI3 conflict

with previous studies. Stoumpos et al. studied single crystals
and reported changes from orthorhombic (Amm2) at room
temperature to a supercell with orthorhombic Imm2 symmetry
and four times the volume at 250 K to a primitive monoclinic
structure that could not be solved (close to 100 K).2

Polycrystalline samples were later studied by Schueller et al.,
who found the same Pm3̅m to P4/mbm transition at 250 K that
we observe, but an orthorhombic Pnma structure below 150
K.21 Kontos et al. also studied polycrystalline samples and
determined a pseudocubic C2mm structure at room temper-
ature, which transforms into a tetragonal P4bm phase at 240 K
and then into the same orthorhombic phase as that in ref 21 at
140 K.26 This Pnma structure (Pbnm is the setting wherein the
pseudotetragonal axes are retained) is inconsistent with our
data because we observe many diffraction spots that violate the
h0l, h + l = 2n reflection condition for an n-glide plane. (See
the Supporting Information and Figure S2 for further
discussion.) We also attempted structure solution and
refinement in the orthorhombic space groups Pbam and
Pba2, which have the same reflection conditions as P4bm, but
the fits were inferior. (See the Supporting Information.)
Because our data do not provide any evidence of inequivalent a
and b axes (in terms of lattice parameters, intensities, and
reflection conditions in the h0l and 0kl reciprocal lattice planes,
and the quality of fit when the symmetry is reduced to
orthorhombic), we conclude that the tetragonal space group is
valid.
On the basis of the previously determined crystal structures,

we examined the corresponding electronic band structure
(Figure 2) via density functional theory (DFT) following the
scheme presented in the computational details section of the
Supporting Information (Figures S3 and S4). The band
structure for the low-temperature P4bm phase exhibits a
slightly indirect gap due to a Rashba splitting of both the
valence and conduction levels at the Γ-point (Figure 2a).22,27

Given their inversion symmetry, the splitting vanishes for the
higher temperature phases (Figure 2b,c). Simultaneously, the
band gap moves from the Γ-point to the Z- and R-points in the
P4/mbm and Pm3̅m structures, respectively. As expected for
tin-halide perovskites, the valence band maximum mostly
presents contributions from the I(5p) and Sn(5s) orbitals,
whereas the conduction band minimum mostly consists of
Sn(5p) orbitals (see insets in Figure 2 and projected density of
states (DOS) in Figure S5).
Notably, the calculated electronic band-gap energy under-

goes a decrease from the low-temperature P4bm phase to the
Pm3̅m phase at room temperature (Figure S6a). This result
may appear to be inconsistent with the theoretical prediction
of a temperature-induced progressive increase in the cell
volume and band gap through bond stretching,28 as, for
example, observed experimentally in the high-temperature
phase of MAPbI3 or FAPbI3,

25,29 but both of these compounds
exhibit step-like decreases in the band gap at the low-
temperature structural phase transitions due to the octahedral

rotations. In FA-containing lead-based compounds, this effect
is already more continuous than in MA-based variants.29 Since
the experimental optical band gap in FASnI3 undergoes an
overall progressive increase upon heating (Figure 3), this
seems to be related to the influence of the lattice dynamics on
the optical band gap, as discussed later.
From the calculated band structures, we furthermore infer

the carrier effective masses, as shown in Figure S6b. Upon
increasing the temperature, both the electron and hole effective
masses increase (from 0.11 to 0.23 and from 0.06 to 0.13,

Figure 2. Computed band structures for the (a) 100 K P4bm, (b)
200 K P4/mbm, and (c) 298 K Pm3 ̅m structures. Panel c presents a
Rashba splitting around the Γ point caused by the loss of inversion
symmetry and the sizable spin−orbit coupling due to tin and
iodide. The insets present the partial charge density computed at
the valence band maximum (blue) and conduction band minimum
(red).
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giving rise to reduced effective masses from 0.04 to 0.08), with
the strongest impact from the P4bm phase at 100 K to the P4/
mbm phase at 200 K. We note that these reduced masses are
about a third of the values obtained from previous work,4

which we mainly attribute to the neglect of dynamic effects in
current calculations and to the assumption that both carriers
contribute to the band-filling effect in ref 4.
Figure 3 shows the temperature-dependent PL of a FASnI3

single crystal. The false color plot in Figure 3a displays the
normalized spectra, indicating the continuous decrease in the
peak energy from ∼1.37 to 1.12 eV upon cooling (extracted
peak position in Figure 3b). Above 100 K, the shift occurs
almost linearly with a gradient of 1.06 meV/K. In contrast to
previous observations on thin films (Figure S7) or FAPbI3,

29

no discontinuity of the peak energy is observed. As previously
discussed, our DFT calculations furthermore suggest a small
inverse impact of the crystal structure and the thermal
expansion on the band-gap energy, Eg. Since Eg is generally
governed by two aspects, the thermal expansion, TE, and

electron phonon coupling, EP,
E
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seems to suggest that the carrier phonon coupling is
predominantly responsible for the band-gap change with the
temperature increase. Although such assertions have been
made before for Pb compounds, they have recently been
contested in a study by Francisco-Loṕez et al.,30 who claim
both components to be equally important. The band-gap shift
was furthermore attributed to the dynamic off-centering of the
Sn ion by Kontos et al.,26 the effect of which we cannot capture
in our approach.

As illustrated by the exemplary spectra in Figure 3b or the
blue symbols in Figure 3c, cooling strongly reduces the PL line
width (given as fwhm) in the region above 100 K without any
visible impact on the phase transition at either 255 or 155 K.
(Also see Figure S8.) The pronounced temperature depend-
ence of the line width above 100 K indicates the dominant
Fröhlich interaction that is generally observed in HaPs.29,31

Unfortunately, as we highlight in Figure S9, the broad
temperature range (<100 K), over which the visible line
width remains constant, forbids the extraction of meaningful
parameters for the coupling constant and effective phonon
energy. A virtual independence of the line width at low
temperature is often attributed to a large inhomogeneous
scattering, Γ0, for example, due to disorder. Given the reported
likelihood of defect formation in tin perovskites,10,11 this seems
to be a reasonable mechanism. As we shall discuss later, the
larger impact of the increasing line width is a consequence of
overlapping emitting states at low temperature.
Whereas the previously described results are similar to

previous work on Pb-based HaPs, a very irregular trend is
displayed by the luminescence intensity. As shown in Figure 3c
(black squares), the PL generally brightens upon temperature
reduction, but around 185 K, there is a local intensity
maximum (black arrow) followed by a region of so-called
negative thermal quenching (NTQ), that is, PL reduction
upon further cooling. Only at a much lower temperature does
the PL intensity strongly increase again. At this local
maximum, the intensity reaches close to 20% of the 4 K level
(peak at 1.25 eV (993 nm) in Figure 3b). We note that to the
best of our knowledge, this behavior has not been observed so

Figure 3. (a) False color plot showing the normalized PL intensity of a single crystal upon cooling to 4.3 K. (b) Peak position and selected
spectra. (c) The maximum intensity is reached at cryogenic temperature, but heating reveals a local maximum around 185 K and increases
the line width.
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far. In particular, Kontos et al., who studied the PL intensity of
tin-based HaPs above 100 K, merely observed a continuous PL
increase upon cooling.26

We thus verified this phenomenon with data on thin films.
Following our previous work,14,23,32 we examined three kinds
of different material quality and found that whereas lower
quality films processed without additives or with only SnF2
give rise to a relatively modest intensity increase, high-quality
2D/3D films exhibit even more pronounced NTQ than the
single crystals (Figure 4a). The local PL maximum in the 2D/
3D film at 185 K reaches 75% of the value found at 4.3 K. As
illustrated in Figure 4b, the emission at this temperature
consists of a single sharp peak at 1.25 eV (993 nm) in the near-
infrared spectral region with a comparatively narrow fwhm of
68 meV (54.5 nm). Underlining the impact of the material
quality, we note that aged single crystals also do not exhibit any
NTQ (Figure S10).
Changes in the crystal structure and thereby in the transition

probabilities for radiative recombination (kr) can strongly
impact the luminescence intensity. An increase in the PL
intensity toward a lower temperature is often observed as a
consequence of suppressed nonradiative recombination (i.e., a
decrease in knr) or the suppressed thermal dissociation of
excitons. Strong brightening is thus commonly observed in
crystalline materials because phonon-mediated processes freeze
out. Systems with disorder or significant shallow trapping, on
the contrary, can show reduced luminescence because
temperature activation is required for carriers to meet and
recombine.
We first consider a possible impact of the radiative

recombination rate, as expressed through the bimolecular
recombination coefficient, B. A detailed discussion of our
approach is given in the computational section of the
Supporting Information. In brief, we use the band structures
presented in Figure 2 to calculate the Kane parameters for the
respective crystal phase and include the effective masses given
in Figure S6b to determine B. The resulting values found at
100, 200, and 298 K amount to 6.19 × 10−10, 0.92 × 10−10, and
0.43 × 10−10 cm3 s−1, indicating a progressive increase in the
recombination coefficient upon cooling (also consider Figure
S6c), predominantly driven by the change in effective masses.
Although these values somewhat capture the pronounced
brightening at low temperature, they also suggest a distinct
effect around the 155 K phase transition, which we do not

observe. Moreover, the increase in B contrasts with the NTQ.
Both aspects suggest different sources for the intensity
dependence.
To analyze the dependence of the PL intensity, it is

convenient to separate the behavior into two regions: the
drastic increase below roughly 130 K and the region up to
room temperature. As mentioned above and proposed
before,23 a second emitting state emerges at low temperature,
to which we attribute the surge in overall luminescence
intensity in that temperature region. Its strong impact can be
observed in Figure S11. Although the width of the emission
does not allow for clearly distinguishing the features in steady
state, we can highlight the impact of the second state using
streak camera images, as illustrated in Figure 5.
Extracting the transients, indicated in black in Figure 5a,

shows that cooling in this regime increases the overall lifetime
of the PL while changing from a virtually monoexponential
decay at 130 K to a biexponential behavior (Figure 5b). We
note that the tail exhibits an increasingly long lifetime of close
to 8 μs at 4 K (Figure S12). We chose an intermediate time
range that allows us to track changes in both the prompt PL
and the longer-lived process in Figure 5b, but it leads to an
underestimation of the slow contribution. Simultaneously to
the emergence of the long tail, the prompt intensity decreases.
(See the inset of Figure 5b.) The extracted parameters of the
biexponential fits are given in Table S2 and are depicted in
Figure S13. The lifetime of the fast process, τf, slightly
decreases from approximately 3.5 to 3 ns, whereas the slow
process τs exhibits an increase from 12 to 18 ns (which is
grossly underestimated), indicating the importance of the slow
process at low temperature.
This trend is furthermore highlighted in Figure 5c, which

displays the prompt emission spectra within the first 5 ns and
the delayed signal (40−100 ns, see colored regions in a and b;
raw data in Figure S14). As suggested by the transients, the
prompt intensity slightly decreases upon cooling, and the long-
lived tail becomes significantly more pronounced. Moreover,
whereas the position of both signals generally shifts to longer
wavelengths, their separation also increases. (Also consider
Figure S15.) Besides the surge in luminescence intensity, this
low-energy state thus also explains the previously discussed
line-width broadening and the change in the peak energy shift
of the steady-state spectra at low temperature shown in Figure
3b and c.

Figure 4. (a) Temperature dependence of FASnI3 thin-film photoluminescence. The 2D/3D film exhibits an extended regime of negative
thermal quenching, with a local intensity maximum of 75% at 185 K. (b) At this temperature, the PL exhibits a single peak at 1.25 eV (993
nm) with a width of 68 meV (54.5 nm).
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The detectable onset of the second state just below the
phase transition at 155 K makes the crystal structure a strong
contender for the origin of this long-lived process. The slightly
indirect character of the band gap due to the Rashba splitting
could be responsible for the long lifetime of the lower energy
emission. Alternatively, the low-energy transition could be due
to shallow trap states (indicated in the inset of Figure 5) or
donor−acceptor pairs whose radiative recombination becomes
more probable at low temperature. The latter seems especially
likely given the increasingly asymmetric shape of the long-lived

component at low temperature. Either way, this phenomenon
is present in all samples independent of the material quality.
The situation in the temperature region above ∼130 K is

more complex. As illustrated by the Arrhenius plots in Figure
S10, all samples show an increase in the PL intensity upon
initial cooling. In contrast, the NTQ region is clearly linked to
the samples’ quality, a likely explanation for why it has
remained unreported so far. The actual origin of the NTQ
remains elusive at this point, but as Figure 4a and Figure S8
show, the important difference is that poor-quality samples
exhibit a much more modest PL increase upon cooling from
room temperature. Since both single crystals and thin films
exhibit the maximum at 185 K and the NTQ over an extended
temperature region, we conclude that first, the cause for the
NTQ is intrinsic to FASnI3, but it can easily be obscured by
efficient nonradiative processes. Second, the intensity max-
imum is not a consequence of an abrupt phase transition. An
extended region of coexisting crystal phases, as observed for
MAPbI3 at low temperature,33 also seems unlikely because we
do not observe any such evidence in the crystallographic
analysis. It could instead be due to the progressive ordering of
the FA cations or the progressive rotation of the inorganic
cages. It was furthermore proposed that certain types of defects
in tin perovskites, such as interstitial Sn in MASnI3,

11 exhibit a
barrier for carrier trapping. It is possible that such a barrier
becomes active upon temperature reduction but is obscured in
samples of low quality through additional decay pathways. We
expect that deeper insight into this phenomenon will be
achieved through a better understanding of defects in FASnI3
as well as from studies of the temperature-dependent phononic
properties and a comparison with MASnI3 and CsSnI3.
In conclusion, we used a concerted set of techniques to

study the structure−property relationships of formamidinium
tin iodide perovskite upon temperature variation. The structure
of FASnI3 single crystals was monitored over a range from
room temperature down to 85 K, and we found a phase
transition from the cubic room-temperature phase to a
tetragonal phase around 255 K and a second tetragonal
phase below 155 K governed by the twisting of the SnI6
cages and the sequential ordering of the FA cations. We
used the obtained crystallographic data as a basis for DFT
calculations of the band dispersion and studied the behavior
close to the fundamental gap. A loss of inversion symmetry due
to ordering of the FA cations leads to a Rashba-type splitting of
the conduction and valence bands in the low-temperature
phase. This might serve to explain the emergence of a second
emissive state with a long lifetime observed in temperature-
dependent PL spectroscopy, although the large line width of
the low-temperature luminescence also suggests a large role of
disorder through defects. In stark contrast to the experimental
data, we found a small (inverse) impact of the crystal structure
on the band-gap energy, adding to the view that dynamic
processes are responsible for the temperature dependence of
the band gap.
Moderate cooling of FASnI3 gives rise to a strong

brightening of the PL in samples of high quality, and a local
PL maximum around 185 K (at 993 nm) forms as a
consequence of negative thermal quenching. The origin of
the latter phenomenon has not entirely been resolved, but it is
clearly linked to the suppression of nonradiative recombination
pathways in samples of high quality. The possibility for bright
luminescence in the near-infrared spectral region makes

Figure 5. (a) Streak camera image taken at 30 K to highlight the
extraction of the PL transients (black) shown in panel b and the
extracted spectra shown in panel c. (b) A monoexponential decay
at 130 K becomes biexponential at lower temperature, where a
long-lived tail emerges. The inset depicts the reduction of the PL
intensity at early times. (c) Spectra for the prompt (left) and
delayed (right) PL illustrate the red-shifted PL and the inverse
intensity trend upon temperature reduction.
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FASnI3 an even more attractive material for opto-electronic
applications that benefit from bright infrared light sources.
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