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Abstract

The temperature-dependent structure evolution of the hybrid halide perovskite
compounds, formamidinium tin iodide (FASnl3, FAT = CH[NH2]2+ ) and formami-
dinium lead bromide (FAPbBrs3) has been monitored using high-resolution synchrotron
X-ray powder diffraction between 300K and 100K. The data are consistent with a
transition from cubic Pm3m (#221) to tetragonal P4/mbm (#127) for both materi-
als upon cooling; this occurs for FAPbBr; between 275K and 250K, and for FASnIg
between 250K and 225 K. Upon further cooling, between 150K and 125K, both mate-
rials undergo a transition to an orthorhombic Pnma (#62) structure. The transitions
are confirmed by calorimetry and dielectric measurements. In the tetragonal regime,
the coefficients of volumetric thermal expansion of FASnI3 and FAPbBr3 are among the
highest recorded for any extended inorganic crystalline solid, reaching 219 ppmK~!
for FASnI; at 225 K. Atomic displacement parameters of all atoms for both materials
suggest dynamic motion is occurring in the inorganic sublattice due to the flexibility
of the inorganic network and dynamic lone pair stereochemical activity on the B-site.
Unusual pseudo-cubic behavior is displayed in the tetragonal phase of the FAPbBrs,

similar to that previously observed in FAPbI3.

Introduction

Hybrid halide perovskites (formula ABXj3, where A is an organic cation, B is a divalent
metal such as Sn or Pb, and X is a halide anion) have been the subject of renewed scien-
tific interest since the first hybrid perovskite-based photovoltaic (PV) device in 2009.! This
interest is due to their useful optoelectronic properties such as strong photoluminescence
and long carrier lifetimes?? and potential as high performance, low cost PV absorbers.
Formamidinium lead iodide (FAPbI3) is a component of the highest performing perovskite
solar cells with power conversion efficiencies above 20%.%°> While there has been much

research focused on improving device performance, less is known about the structure evo-



lution of these materials. Detailed understanding of the crystal structure could provide
strong insight into the observed properties such as low recombination rates®” and high
defect tolerance®? that lead to high photovoltaic performance in the hybrid halide per-
ovskites.

Diffraction studies on the halide perovskites indicate that the materials usually distort
from cubic to tetragonal to orthorhombic (and occasionally further to rhombohedral or
monoclinic) upon cooling, following simple perovskite tilt systems.!® CsSnl; transitions
from Pm3m to P4/mbm to Pnma upon cooling from 500K to 300K,!! while MAPbI;
(MA = CH3NH,) transitions from Pm3m to I4/mcm to Pnma upon cooling from 350K to
100 K. 2 Materials with more flexibility in the inorganic lattice and enhanced lone pair ac-
tivity such as MAPDbCl; can undergo more complex phase transitions; for example, the low
temperature ordered phase of MAPbCl; is Pnma but with highly distorted octahedra, not
the simple tilt phase that would be expected for a more traditional perovskite.!® A recent
structural study on FAPbI; discovered that the material has one of the largest coefficients
of volumetric thermal expansion (a,) of any extended crystalline solid, 203 ppm K~ at
274 K.1* FAPbI; also displays unusual reentrant behavior of a pseudo-cubic phase at low
temperature; the phase transitions upon cooling go from Pm3m to P4/mbm to pseudo-
cubic P4/mbm, indicating complex interactions in this regime.* Locally, total scattering
analysis using the pair distribution function technique on hybrid perovskites has revealed
a highly flexible inorganic network with large local distortions among the B — X octahedra
in addition to dynamic lone pair stereochemical activity at high temperatures. *>-1°

We study herein the related compounds formamidinium tin iodide (FASnlI3) and for-
mamidinium lead bromide (FAPbBr3) in order to provide a more complete picture of the
hybrid halide perovskite family and uncover trends that could lead to a deeper understand-
ing of the class as a whole and possibly to a more rational design of high performance pho-
tovoltaic and optoelectronic materials. We build on what has already been reported in the

literature?° with the use of high resolution synchrotron data to elucidate subtle structural



changes that may have a large impact on the observed properties. We have determined the
first phase transition upon cooling from room temperature to be cubic Pm3m to tetragonal
P4/mbm between 225K and 250K for FASnI; and between 250K and 275K for FAPbBrs;.
A further phase transformation to orthorhombic Pnma occurs between 125K and 150K
for both materials. We have corroborated these phase transitions with calorimetry and
dielectric measurements. FASnI; has an even higher value of «, in the tetragonal phase
than FAPDI; of 219 ppm K~! at 225K compared to 203 ppm K~! at 274 K for FAPbI;.* This
presents an important engineering consideration for the incorporation of these materials in
photovoltaic devices operating at various temperatures as relatively large volume changes
are likely to occur over the operating temperature range of the device (at 300K, «, for

FASnlj is still high at 174 ppmK™1).

Experimental Methods

Formamidinium tin iodide (FASnI3) and formamidinium lead bromide (FAPbBr3) were pre-
pared by a modification of previously reported procedures?® which has been described in
detail in Laurita et al. '® High resolution synchrotron powder X-ray diffraction (XRD) data
were collected at 25 K intervals from 90 K to 300 K using beamline 11-BM at the Advanced
Photon Source (APS), Argonne National Laboratory with a wavelength of 0.4592A. 20
mg of ground sample was packed and sealed into a 0.5 mm OD Kapton capillary. Le Bail
and Rietveld analyses were performed using the GSAS software suite?! with the EXPGUI
interface.?? Crystal structures were visualized using the VESTA software suite.?® Differ-
ential scanning calorimetry (DSC) was performed on approximately 5 mg samples under
a nitrogen atmosphere from 100K to 300K on a TA Instruments DSC Q2000 at rates of
5 and 10degrees per minute. Dielectric measurements were performed in a Quantum
Design PPMS DynaCool from 300K to 1.8 K with an Andeen-Hagerling AH 2700A capac-

itance bridge for capacitance and loss measurements. Dielectric permittivity values were



calculated from a flat plate capacitor model. Pellets for dielectric measurements were pre-
pared by grinding a sample of material and pressing to 4 tons in a 6 mm cylindrical die
(around 0.3 GPa) to obtain around 1.5 mm thick pellets. Electrodes were applied via low

temperature indium soldering.

Results and Discussion

The structural evolution of FASnl; and FAPbBr; with temperature was analyzed from ap-
proximately 300 K to 100 K using X-ray diffraction data, and relevant structural parameters
are tabulated in Tables 1 and 2. Phase transitions were determined by analysis of Bragg
peak splitting and emergence. This work focuses on the inorganic sublattice, as dynamic
disorder on the A-site and the smaller electron count of the organic cation add uncertainty
when trying to assign A-site orientations from X-ray diffraction. Space groups were as-
signed by examining the “simple” octahedral tilt systems from the Pm3m cubic perovskite

as enumerated by Howard and Stokes, °

and all patterns were indexed well by one of
these space groups. For data near phase transitions where the space group was somewhat
ambiguous, fits to both space groups were performed and the fit with the lowest R-value
was chosen. In order to determine whether the structure was actually lower symmetry
but with a pseudo-symmetric unit cell, as has been suggested for these types of materi-
als,?° Bragg peak width analysis was performed on low-angle peaks and compared to peak
widths of a known high symmetry structure, cubic FAPbI; with the space group Pm3m, in
which the only sources of broadening are instrumental resolution and sample size/strain,
not overlapping peaks. In all cases, the peak widths were equal on the order of the resolu-
tion of the instrument. Because there was no detectable peak broadening or splitting, the
higher symmetry space groups were retained.

The room temperature crystal structure of both materials is best fit by the cubic Pm3m

perovskite structure, in agreement with findings from the original work on FASnI;2* and



single crystal work from Dang et al.?® for FASnl; and several reports2%2” for FAPbBr;. The
FAPDbBr; transitions between 275K and 250K to a phase described by tetragonal P4/mbm
with FASnI; following between 250 K and 225 K. Upon further cooling, both materials dis-
tort to an orthorhombic Pnma phase between 150 K and 125 K. Some groups have reported
a space group of pseudo-cubic Amm2 for FASnI; at 300 K, 2%282° which has the same Bragg
peak positions as Pm3m but with the ability to orient the asymmetric FA cations. How-
ever, Amm2 would have multiple overlapping peaks at each Bragg position, which was
not evident upon visual inspection. In order to quantitatively compare the two structure
determinations, we performed a fit to this space group which resulted in an R,,,, of 14.59%
at 300K versus 10.27% for Pm3m from high resolution synchrotron powder diffraction.
Because of the lower symmetry, the Amm2 phase has more refinable parameters than
Pm3m. Therefore, a significantly worse R,,, value for Amm2 than the Pm3m phase is
probably due to difficulty assigning electron density to overlapping peaks. This, in com-
bination with previously described peak width analysis of the (100) peak, indicates that
the best fit to our data at room temperature is a Pm3m phase, although it is possible that
other techniques that are better suited to looking at the formamidinium orientations could
improve on this assignment. Additionally, at low temperatures and applied electric fields
DFT calculations suggest ordering of the A-site cation could occur,®® but these conditions
were not probed by our experiments. The locations of the phase transitions are examined
by DSC, shown in Figure 1(a) and (b). The high temperature phase transitions in both ma-
terials appear to be second order, while the low temperature transitions are accompanied
by multiple peaks in the DSC, suggesting a complex cascade of phase transitions. Interest-
ingly, the transition from tetragonal to orthorhombic in FASnI; appears more pronounced
upon heating than upon cooling, shown in Figure 1(a). This suggests that there may be
multiple pathways for forming the low temperature orthorhombic state but there is a more
deterministic transition back to the tetragonal phase. The phase transitions can be seen

in the X-ray diffraction data as emergence of new peaks upon cooling as shown in Figure



1(c) and (d), reflecting a lowering of the symmetry, with peaks appearing in the same
temperature ranges as the expected phase transitions. However, we were able to resolve

and refine only one low temperature phase transition from the XRD data.
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Figure 1: DSC from 100K to 300K confirms the presence of phase transitions for (a)
FASnI; and (b) FAPbBr;. The arrows indicate cooling and heating ramps. XRD data per-
formed in the same temperature range for (c) FASnl; and (d) FAPbBr;. Phase transitions
upon cooling are signaled by the development of new peaks in the pattern, indicating a
lowering of symmetry in the crystal structure. XRD patterns were taken at 25K intervals
and interpolated in between. A non-interpolated version is shown in the Supporting In-
formation (Figure S1). Dashed lines are shown at the emergence of new XRD peaks to
compare phase transition temperatures from DSC and XRD. Due to the complexity of the
low temperature transition(s) in DSC, the regions of interest are shaded.

Rietveld refinement fits to the XRD data are shown in Figure 2. The fits were performed
modeling the FA as a spherical atom with the same X-ray scattering power (Mn) for sim-
plicity. This assumption is reasonable considering that in both compounds the FA has only
around 10% of the total electrons, which means it has minimal scattering power, as the
scattering power scales with the square of the electron density. However, because of this

and dynamic disorder, the refined atomic displacement parameters (ADPs) on the cation



A-site are large.
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Figure 2: Rietveld fits to synchrotron XRD data for (a) FASnI3 and (b) FAPbBr;. The data
at 275K is best fit to a cubic Pm3m phase, the 175K data to a tetragonal P4/mbm phase,
and the 100K data to an orthorhombic Pnma phase for both samples.

Crystal structures throughout the phase evolution are shown in Figure 3 with ADPs
shown at 50% probability ellipsoids. The halide ADPs are highly anisotropic, with motion
occurring orthogonal to the B — X bond, and decrease in size upon cooling. These remain
anisotropic for both FASnI; and FAPbBr; at low temperatures, indicating dynamic local
disorder and distortions of the octahedra, as seen in the literature.>!?

The ADPs on the B-site (Sn and Pb) are also large, further hinting at the presence of
local disorder in the materials. The Sn ADP is consistently larger than that of the Pb, as

seen in Figure 4(a). This trend aligns with the expected effects of lone pair stereochemical

activity, which is predicted to be stronger for Sn** than Pb®" due to deeper ns? levels in



Table 1: Crystallographic Data for FASnl;

Empirical Formula CH(NH,),SnlI;
Formula Weight (g mol~!) 544.49
Source 11-BM Synchrotron
Wavelength N 0.4592
Temperature (K) 100 175 275
Crystal System Orthorhombic Tetragonal Cubic
Space Group (No.) Pnma (62)  P4/mbm (127) Pm3m (221)
a (R) 8.81749(8) 8.86227(2) 6.30961(1)
b (A) 12.41641(7) / /
¢ (A) 8.8578(1) 6.24892(2) /
vV (A% 969.773(9) 490.789(3) 251.1930(6)
Z 4 2 1
d-space range (A‘l) 0.888-7.211 0.891 -6.267 0.892-6.310
e 9.869 3.672 4.005
R, (%) 11.85 7.69 7.83
R, (%) 17.73 10.67 11.03
Table 2: Crystallographic Data for FAPbBr3
Empirical Formula CH(NH,),PbBr;
Formula Weight (g mol—1) 491.98
Source 11-BM Synchrotron
Wavelength A) 0.4592
Temperature (K) 100 175 275
Crystal System Orthorhombic Tetragonal Cubic
Space Group (No.) Pnma (62)  P4/mbm (127) Pm3m (221)
a (R) 8.37433(9) 8.41525(5) 5.98618(2)
b (A) 11.8609(1) / /
c(A) 8.38073(9) 5.94735(8) /
vV (A% 832.436(9) 421.170(3) 214.511(3)
Z 4 2 1
d-space range (A1) 0.888 -6.844 0.892-5.950 0.892-5.986
2 1.958 1.400 1.397
R, (%) 13.27 11.42 11.37
R, (%) 17.40 14.13 14.09
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Figure 3: Structural evolution of (a) FASnI; and (b) FAPbBr; with temperature. Atomic
displacement parameters shown at 50% probability ellipsoids. The halides have highly
anisotropic atomic displacement parameters, with motion orthogonal to the B — X bond
as observed in the literature!®'® reflecting dynamic octahedral tilting as well as possible
intra-octahedral distortions.

lead. %1731 While the effects of lone pair stereochemical activity at elevated temperatures
in these materials, labeled emphanisis in the chalcogenide literature,32-3* are not corre-
lated enough to induce an ordered distortion visible in the average structure diffraction
pattern, the combination of anisotropic halide ADPs and elevated B-site ADPs in the high
temperature phase hint at local dynamic distortions, which have been observed previously
in tin and lead perovskites.!*!7-3%36 In addition to thermally activated lone pair activ-
ity, halide perovskites are known to have high flexibility within the inorganic octahedral
network,17-183> allowing for local octahedral tilting and contributing to the anisotropy in
halide ADPs and elevated ADPs in all species. The monotonic decrease in size for all ADPs
upon cooling suggests that the disorder is dynamic and thermally activated, rather than
static.

FASnI; and FAPbBr; have remarkably high coefficients of volumetric thermal expansion
for crystalline solids. It was recently found that FAPbI; has a high o, of 203 ppmK~ at
274 K,'* but FASnl; has an even higher value of 219 ppmK~! at 225K as seen in Figure

5(a). While this must be taken into consideration for solar device performance, as this
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Figure 4: (a) Isotropic atomic displacement parameters (ADPs) for the B ion in the per-
ovskites. The value for Sn is consistently larger than for Pb due to enhanced dynamic lone
pair stereochemical activity. (b) Anisotropic halide ADP terms perpendicular to the B — X
bonds show expected behavior upon cooling for the iodide aside from one component
which increases upon cooling in the orthorhombic phase, an indication of static disorder
along that direction. However, no clear trend appears in the bromide (bromide ADPs not
shown for clarity).
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manifests in volume changes in the material over the normal operating temperature range,
the novelty of one of the highest values of «, yet seen in a crystalline solid is exciting.

Another odd feature in the structural evolution of these perovskites is seen in the par-
ticulars of the lattice parameters upon cooling. FASnl; exhibits expected trends in lattice
parameters, but in FAPbBr; unusual behavior is displayed in the tetragonal phase, as seen
in Figure 5(c). The ratio of @ = a/v/2 to ¢ = c is curiously close to 1 throughout the
tetragonal phase, only increasing again at the orthorhombic phase transition. The normal-
ized lattice parameters never deviate more than 0.005 A from each other in the tetragonal
phase, indicating the crystal maintains a nearly cubic unit cell, while in FASnI; the de-
viations reach over 0.02A in the tetragonal phase. Similar pseudo-cubic behavior was
observed in FAPbI;; '* however, in FAPbI; it is reentrant in the tetragonal y-phase, and no
transition was fully completed to an orthorhombic structure by 100 K, whereas FAPbBr;
does undergo a tetragonal to orthorhombic transition after further cooling. This unusual
behavior happens in both formamidinium lead halide perovskites studied so far but not in
the tin analogue, so it could be that the lead is somehow contributing to complex disorder
in the tetragonal phase. At first glance, this would appear to be a size effect because Pb**
is larger than Sn?*, but FASnl; has larger lattice parameters than FAPbBr;. This suggests
the presence of a more subtle effect, such as ionicity of B— X bonds impacting interactions
with the formamidinium.

Figure 4(b) shows the anisotropic ADP components for the halides in the direction
perpendicular to the bond. The size of most iodine ADP components consistently decrease
with temperature as expected. The bromine ADPs, on the other hand, show no clear trends
with temperature, another indicator of disorder in the material that is not fully captured
by a crystallographic model.

Dielectric measurements were performed on FAPbBr; to obtain information about
molecular cation motion in the material as shown in Figure 6. Due to the semiconducting

nature of the sample, electronic conduction is too great above 200 K to extract meaningful

12



o FASnI,
= FAPDbBr,

260FTy 7 T 1 TOPpT T &

- . " oo o——=_6—=9
L2400 L T T : ]
> 220 - ; : _

P T T T 1

200 FASHI,

632_ I T : I T | T : l Py fl
< 6.281 : a 2 3
I S S < b
« I S N R S NN ()]
ks 620 FAPbBr,
€ 5971 : PN NE
pd B : Y # ©|x b

5.94 — % A N

5_91$$ A I R NS O]

100 150 200 250 300

T(K)

Figure 5: (a) Volumetric expansion in the materials shows that FASnl; has an extremely
high «, of 219 ppm K~! at 225 K. Normalized (pseudo-cubic) lattice parameters as a func-
tion of temperature in FASnI3 (b) and FAPbBr; (¢) show unusual behavior in the tetragonal
phase of FAPbBr;. Error bars are smaller than the markers and are omitted for clarity.
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dielectric information about the cubic to tetragonal phase transition. The smaller band gap
of FASnI; precluded the acquisition of dielectric properties using the capacitance method.
Compared to similar materials such as MAPbI; and FAPbI;,3” FAPbBr; does not have an
abrupt freezing of dipole rotation, indicated by a sudden drop in the real portion of the
dielectric permittivity. While the magnitude of the real part of the permittivity is similar to
that of MAPbBr3 at low temperatures, the shape of the graph is far different, missing both
the sudden drop as mentioned before and the upturn upon cooling at temperatures higher
than the drop.3® It appears as though FAPbBr; undergoes a more continuous slowing of
molecular reorientation, possibly due to the smaller lattice parameters of FAPbBr3, which
could limit the motion of the formamidinium cation even at high temperatures, although
it is possible that characteristic features could appear at temperatures above 200 K. The
feature associated with the tetragonal to orthorhombic phase transition occurs in the same
temperature region as phase transition signatures from DSC and XRD, further confirming
the location of the phase transition.

We have utilized synchrotron XRD data to analyze the structure evolution of FASnI; and
FAPbBr; with temperature from 300K to 100 K. We observe that both materials undergo
phase transformations from cubic Pm3m to P4/mbm to Pnma upon cooling and corrob-
orate these transitions by calorimetry. A high value for «, is observed in both materials,
particularly in FASnl;, giving it possibly the highest value of any extended crystalline solid
near ambient temperatures. Large ADPs on the B-site cations along with highly anisotropic
halide ADPs provide more evidence for local distortions and support observed emphanisis
in tin and lead perovskites. Despite the impressive photovoltaic performance of hybrid
halide perovksites, the large coefficient of volumetric thermal expansion presents a sig-
nificant engineering challenge that must be taken into consideration when utilizing these

materials in devices.
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Figure 6: (a) The real part of the relative permittivity, ¢/, upon heating for FAPbBr; at
various frequencies. (b) The loss tangent for FAPbBr; upon heating. The frequency dis-
perse (spread over temperature) peaks in the loss tangent, indicated by a red ellipse, show
the glassy freeze-out of the molecule, characterized by resonance between the dielectric
relaxation process and the probe frequency. The absence of a sharp drop in the dielec-
tric constant indicates dipole reorientation of the formamidinium is relatively hindered
throughout the temperature range sampled. The dashed line shows the feature associated

with the tetragonal to orthorhombic phase transitions and aligns with the temperature
range from XRD and DSC.
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Supporting Information Available: A non-interpolated version of Figure 1
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The temperature-dependent structure evolution of the hybrid halide perovskite com-
pounds formamidinium tin iodide and formamidinium lead bromide has been monitored
using synchrotron X-ray diffraction between 300 K and 100 K. The data are consistent with
a transition from cubic Pm3m to tetragonal P4/mbm upon cooling; this occurs for FAPbBr;
between 275K and 250K, and for FASnI; between 250 K and 225 K. Upon further cooling,
between 150K and 125K, both materials undergo a transition to an orthorhombic Pnma

structure.
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Figure S1: DSC from 100K to 300K confirms the presence of phase transitions for (a)
FASnI; and (b) FAPbBr;. The arrows indicate cooling and heating ramps. XRD data per-
formed in the same temperature range for (c) FASnI; and (d) FAPbBr;. Phase transitions
upon cooling are signaled by the development of new peaks in the pattern, indicating a
lowering of symmetry in the crystal structure. XRD patterns were taken at 25K intervals,
and the pattern is centered on the temperature at which it was taken. Phase transition
temperatures are in agreement from DSC and XRD. Due to the complexity of the low tem-
perature transition(s) in DSC, the regions of interest are shaded.
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