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ABSTRACT: The exceptional photovoltaic properties of hybrid organic−inorganic
perovskites have attracted increasing interest in the past decades. Among these materials,
FAPbI3 shows two structural phases: the high temperature perovskite α-phase, with direct
bandgap close to the Shockley−Queisser limit, and the much less photoactive non-
perovskite δ-phase, stable at ambient conditions. Although the presence of the δ-phase has
been usually regarded as a limitation for FAPbI3 optoelectronic applications, recent
studies have found that devices with increased stability and efficiency can be designed by
mixing α- and δ-phases. This has brought out the need for a deeper understanding of the
physical properties of δ-FAPbI3. In this paper, we present an original high-pressure Raman
and photoluminescence study to address the effects of compression on the lattice and
optoelectronic response of the sample. Also, based on the previous findings on different
hybrid perovskites, our results for δ-FAPbI3 show that the cation configuration goes from
a dynamically disordered regime at ambient conditions to a statically ordered phase at
∼1.5 GPa. On further increasing pressure, above 7 GPa, a statically disordered regime
takes place, where the cations are locked at random orientations in the inorganic framework, giving rise to an amorphous-like state.
Compared with α- FAPbI3, we found that the hexagonal δ-phase is less affected by external compression, as both the first detectable
structural transition and the amorphous-like behavior occur at higher pressures.

1. INTRODUCTION
Hybrid organic−inorganic perovskites (HOIPs) have attracted
enormous attention in the past years as innovative compounds
for photovoltaic applications. Because of their low cost, easy
fabrication, and extremely promising optoelectronic properties,
intense research activities have been devoted to the engineer-
ing of highly efficient HOIP-based solar cells, which have
reached outstanding power conversion efficiency (PCE)
values, as high as 25.7%, in only a couple of decades.1−3

The HOIP general formula is ABX3, where X is a halide
anion (I−, Br−, or Cl−), B is a divalent metal atom (Pb2+ or
Sn2+), and A is an organic cation. The two common organic
cations in these compounds are methylammonium (MA+ =
CH3NH3

+) and formamidinium (FA+ = HC(NH2)2
+). In the

crystalline configuration, the X and B atoms arrange in an all-
inorganic three-dimensional structure of corner-sharing
octahedrons, and the organic moiety resides into the interstitial
spaces within the inorganic framework. The phase stability of
the perovskite structure is determined by the Goldschmidt
tolerance factor, defined as = + +t R R R R( )/ 2 ( )A X B X ,
where RA, RB, and RX are the ionic radii of the ions in the
compound. Assuming that the organic molecule is free to
rotate around its center of mass, its effective ionic radius RA
can be calculated as discussed by Kieslich et al.,4 following the
relation RA= rmass + rion (rmass is the distance between the center

of mass and the most distant atom of the molecule, with rion its
corresponding ionic radius). If the calculated tolerance factor t
is between 0.9 and 1, the HOIP crystallizes in the cubic
structure, while for t outside this range the atoms arrange in a
less symmetric configuration.

Among the different HOIP compounds, formamidinium-
based systems have emerged in the past few years as the most
promising materials for highly efficient photovoltaics.5,6

Indeed, they show not only an improved long-term stability
compared to the methylammonium counterparts but also a
smaller bandgap (1.48 eV for cubic FAPbI3

7), which brings
them closer to the Shockley−Queisser limit and extends the
light absorption to the near-IR region.

It is known that two different phases of FAPbI3 exist.8

Because the tolerance factor of FAPbI3 is very close to 1 (t ∼
0.99 if one uses the Shannon ionic radii for Pb2+ and I− and the
FA+ radius calculated by Kieslich et al.4), at ambient conditions
the compound crystallizes in a non-perovskite hexagonal
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geometry (δ-FAPbI3), yellow in color, in which the
neighboring octahedra are organized in a face-sharing arrange-
ment. The α-FAPbI3 perovskite, black in color, with cubic
symmetry and corner-sharing octahedra, is achievable by
heating δ-FAPbI3 around 150 °C.8−10 The compound,
however, slowly transforms back to the yellow phase with
times dependent on the synthesis method.11−14 The thermally
stable δ-FAPbI3 is known for not being photoactive because of
its low absorption and larger bandgap (2.14 eV11), which
implies low efficiency in solar absorption and energy
conversion. Moreover, the crystal configuration with face-
sharing octahedrons arranged in long chains interferes with
electron transport, making δ-FAPbI3 less suitable for photo-
voltaic applications compared to its cubic counterpart.12

Although for decades the δ-phase has been regarded as an
undesired product in the synthesis of α-FAPbI3, in the past few
years an increasing amount of work has been devoted to the
study and the engineering of mixed α/δ phases.15−20 Zhang et
al. reported on the construction of perovskite solar cells made
of yellow/black heterophase bilayers, in which a δ-FAPbI3
capping was found to suppress the charge recombination at the
interface, enhancing the efficiency and stability of the device.16

In a similar vein, both Qiu et al.15 and Giuri et al.20 were able
to realize near-infrared light-emitting diodes exploiting mixed
α/δ phases. These new results have brought out the needs for a
thorough investigation of the physical properties of δ-FAPbI3,
which has been, to date, much less considered with respect to
α-FAPbI3.

High-pressure spectroscopy is a powerful tool to explore the
structural and electronic properties of HOIPs.21−23 The study
of the crystal response to a reduction in atomic distances
provides valuable information about the interacting mecha-

nisms at work in the octahedron cage, inside the molecule, and
between the organic and inorganic moieties. Moreover,
understanding the system evolution with increasing pressure
can be an efficient way to discover new crystalline
configurations, with possible improved performances, to be
stably synthesized at room temperature through chemical
pressure engineering.

In this article, we report on a high-pressure Raman and
photoluminescence (PL) investigation of δ-FAPbI3 crystals to
study the effects of lattice compression on the lattice dynamics,
the optoelectronic properties of the sample, and their possible
coupling channels. We observe an increase in the number of
Raman-active phonon peaks around 1.5 GPa, indicating a
lattice transition to a lower symmetry phase. Then, above 7
GPa, the spectrum line shape turns into a nearly featureless
profile, suggesting the occurrence of an amorphization-like
process. As to the PL spectrum, the exciton band measured at
2.15 eV, due to the indirect transition of the δ-phase,
continuously evolves in the 0−9 GPa pressure range.
Combining the results from Raman and PL measurements,
we ascribe the transition observed in the Raman spectrum to a
distortion of the inorganic framework caused by the pressure
induced locking of the organic FA+ motion at random
orientations. This mechanism, previously reported for other
HOIPs like MAPbBr3,

24 is here proposed and experimentally
supported, for the first time, in a non-perovskite crystal
structure.

2. MATERIALS AND METHODS
2.1. Sample Synthesis. The powder δ-FAPbI3 crystals

were synthesized from a solution of lead acetate (99.9%)
dissolved in an excess of HI in an aqueous solution at 55% by

Figure 1. (a) Images of δ-FAPbI3 powder at the millimetric and micrometric scale. (b) Raman spectrum of δ-FAPbI3 sample at ambient pressure
collected using 532 nm excitation over the 20−3500 cm−1 spectral range. Above 500 cm−1 (gray line), the intensity is multiplied by a factor 50, for
the sake of clarity. The arrows point to the two most intense peaks analyzed with polarization-dependent Raman measurements. In the inset,
comparison between the Raman spectrum of δ-FAPbI3 (black line) and the α-FAPbI3 (pink line) at low wavenumbers. (c, d) Peak area of the most
intense Raman active mode at 36 cm−1 (yellow) and 108 cm−1 (blue) as a function of the polarization angle θ of the incident light. (e) PL signal of
the δ-FAPbI3 sample at ambient pressure collected with 532 nm excitation. In the inset, magnification of the spectrum in the 1.9−2.3 eV energy
range.
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continuous mechanical stirring under a nitrogen atmosphere.
The solution is then heated to 100 °C, and the formamidinium
amine is thus added (40 wt % in water) in equimolar
proportion. The solution is finally cooled at a rate of 1 °C/min
until it reaches 46 °C with the formation of a precipitate, which
is immediately filtered and dried under vacuum at 60 °C
overnight. Formation of the desired δ-FAPbI3 phase was
assessed by X-ray diffraction (XRD) analysis using Cu K
radiation (Bruker D8 Advance).

2.2. Raman Setup. Raman spectra were collected with a
Horiba LabRAM HR Evolution microspectrometer operating
in backscattering geometry. The radiation sources employed
for the excitation were a 632.8 nm He−Ne laser and a 532 nm
solid-state laser, focused on the sample by the use of a
microscope equipped with interchangeable objectives with
different magnifications (10×, 20×, 50×, and 100×).
Experimental spectra were acquired using a 600 grooves/mm
diffraction grating and a Peltier-cooled charge-coupled device
(CCD) detector. In this configuration, it was possible to reach
a spectral resolution better than 3 cm−1. The elastic
component of the scattered light was removed by a volume
Bragg grating optical filter,25 which allows for Raman spectra
acquisition at Raman shift as low as 10 cm−1 from the laser
line. The spectra were analyzed using Origin software.

Polarization-dependent Raman spectra were collected using
a λ/2 waveplate placed in the “vertical−vertical” config-
uration,26 used to rotate the polarization on the sample surface,
and a polarization analyzer. Further details on the polarization
measurements can be found in the Supporting Information.

2.3. High-Pressure Setup. For the high-pressure setup, a
diamond anvil cell (DAC) with a 400 μm diameter culet was
employed to achieve the desired pressure range. A
molybdenum gasket of original thickness of 250 μm was
indented in between the diamond culet until the final thickness
of ∼50 μm was reached. A 150 μm diameter hole was drilled in
the center of the indentation and filled with NaCl powder as
pressure transmitting medium. Indeed, some trial measure-
ments were previously performed during the preparatory stage,
loading the cell with NaCl powder or a liquid mixture 4:1 of
methanol and ethanol. In the latter case, the quality of the
FAPbI3 microcrystals was reduced by the mixture, as indicated
by evident modifications in the low-frequency Raman
spectrum of the sample. The cell was then mildly compressed
to obtain a NaCl crystalline pellet. The δ-FAPbI3 powdered
sample was finally embedded in the NaCl crystal together with
a ruby microsphere used as pressure calibrant.27

3. RESULTS
3.1. Ambient Pressure Characterization of the δ-

FAPbI3 Sample. Powder δ-FAPbI3, with a zoom on a single
grain, is shown in Figure 1a. Because of the small area of the
incident laser spot (a few μm2, smaller than the single grain
surface), it is possible to perform an accurate investigation of
the crystal in a spatially confined area. In the Raman spectrum
of δ-FAPbI3, both the inorganic octahedron vibrations, below
200 cm−1, and the formamidinium molecular vibrations, in the
frequency range above ∼500 cm−1, can be observed. The
complete δ-FAPbI3 Raman spectrum, collected over the 20−
3500 cm−1 spectral range, is shown in Figure 1b.

A comparative analysis with other studies on FA-based
compounds allows for a tentative assignment of the observed
vibrational modes, associated with the formamidinium
molecular vibrations,28,29 as reported in Table S2. In the

500−1600 cm−1 range, four intense peaks are indeed observed.
The spectral feature at 518 cm−1 is ascribed to the H2N−C−
NH2 bending mode, while the one at 592 cm−1 to the NH2
wagging. At higher wavenumbers, the peak at 1116 cm−1 can
be assigned to the C−N stretching vibration and that at 1384
cm−1 to the NH2 rocking mode. The high-frequency features
between 3000−3100 cm−1 and 3200−3500 cm−1 are
associated respectively to the C−H and N−H stretching
modes.

In the present work, the high-pressure investigation of δ-
FAPbI3 is performed focusing on the spectral region below 200
cm−1 displaying the vibrational modes of the inorganic cage.
Indeed, as samples were loaded in a DAC, we observe an
overall reduction of the detected signal, which prevents a clear
identification of the low-intensity features above 500 cm−1 (see
the gray line in Figure 1b, multiplied by a factor 50).
Differently from the molecular modes, whose peaks are
scarcely affected by cage symmetry changes, the Raman
spectrum of the octahedron vibrations below 200 cm−1

undergoes significant variations passing from α-FAPbI3 to δ-
FAPbI3. As shown in the inset of Figure 1b, the cubic phase,
obtained by heating our δ-FAPbI3powder up to ∼200 °C,
displays a nearly featureless profile,13,30 coherent with that
expected for Pm3m space group of the crystal lattice, while the
spectrum of the hexagonal phase is characterized by four
distinct peaks at 36, 58, 87, and 108 cm−1.

A reasonable identification of the low-frequency modes of δ-
FAPbI3 can be achieved by the comparison with the all-
inorganic δ-CsPbI3 phonons. Indeed, in the δ-phase of both
FA+- and Cs-based perovskites, Pb and I atoms arrange in face-
sharing octahedrons (although the space group is different in
the two cases) and are thus involved in vibrational modes with
similar symmetry and energy. On the basis of the assignment
proposed by Yang et al. for δ-CsPbI3,

31 we can identify in the
δ-FAPbI3 spectrum the phonon peak associated with the
equatorial I−Pb−I bending with double octahedral axial
stretching at 36 cm−1, that associated with the I−Pb−I
bending and stretching with double octahedral distortion at 58
cm−1, that corresponding to the equatorial double octahedral
shearing at 87 cm−1, and, finally, the one ascribed to the I−
Pb−I stretching with double octahedral expansion at 108 cm−1.
A summary of all the observed vibrational modes of the cage is
reported in Table S1.

Polarization-dependent Raman measurements were per-
formed in the 15−200 cm−1 range to check the crystal quality
and to further support the assignment of the peaks. The peak
area of the two most intense Raman-active modes (36 and 108
cm−1, indicated by arrows in Figure 1b) as a function of the
polarization angle θ of the incident light is shown in Figure
1c,d. Under reasonable assumptions on the crystal orientation
(see the Supporting Information), we find that the angle
dependence of the peak at 36 cm−1 is compatible with that
expected for a A1 total symmetric mode, while the peak at 108
cm−1 follows the trend expected for a doubly degenerate E
mode, in agreement with the assignment proposed in ref 31.
The well-defined periodicity of the two trends is evidence of
the good crystal quality of the sample grains and proves that
the powder sample is indeed composed of micrometer-sized
single crystals.

Figure 1e displays the measured photoluminescence (PL)
signal of our sample. At ambient pressure, the spectrum
consists of a very intense peak centered at 1.53 eV and of a
secondary, smaller peak at 2.15 eV (visible in the enlarged inset
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of Figure 1e). The position of the first band is compatible with
that expected for the direct exciton of α-FAPbI3,

7,11 while the
second band at higher energy can be ascribed to the exciton of
the δ-FAPbI3 bandgap.11 Despite the high intensity of the α-
exciton band, the yellow appearance of the sample (Figure 1a)
ensures that any α-FAPbI3 domains, although present,
represent a minimal percentage of the sample composition.
The presence of spurious clusters is commonly reported in
HOIP crystals and mostly depends on the synthesis
conditions.8,32 In the present case, α-FAPbI3 domains,
embedded in the main phase, might be stabilized at room
temperature owing to the local strain induced by the
surrounding lattice. It is noteworthy that because most of
the sample belongs to the δ-phase, the higher intensity of the
direct α-exciton band compared to that of the δ-exciton band
clearly indicates that the band at 2.15 eV originates from a
recombination process through an indirect bandgap. Indeed,
indirect transitions involve a phonon contribution to account
for the momentum mismatch and are thus intrinsically less
probable than direct recombinations. This result represents, to
the best of our knowledge, the first experimental indication of
the indirect nature of the bandgap of δ-FAPbI3, previously
predicted by ab initio calculations.7

3.2. High-Pressure Raman Measurements. The high-
pressure spectra of δ-FAPbI3 in the low-frequency region are
shown in Figure 2a. The sample was compressed up to 17 GPa
at room temperature.

As shown in Figure 2a, the spectral profile of δ-FAPbI3 at
ambient pressure consists of two intense peaks at 36 and 108
cm−1 and two broader shoulders at 58 and 87 cm−1. With
increasing pressure, as expected, a general hardening of the
whole spectrum is observed. Moreover, at 1.5 GPa a new peak
appears in the spectrum at 25 cm−1. At pressures above 7 GPa,
the line shape of the spectrum changes from four well-defined
peaks to a three-broadband profile, where all the above-
mentioned main distinctive features are lost. The new spectral

profile can be associated with the transformation toward a new
amorphous-like phase24 and, basically, does not change with
further increasing pressure up to 17 GPa.

The peak position as a function of the applied pressure is
reported in Figure 2c. A careful inspection of the pressure
dependence of the peak positions reveals a change of slope at
1.5 GPa for all the Raman-active modes. Moreover, a new peak
at 25 cm−1 appears at the same pressure threshold, as displayed
in Figure 2b. The combination of these findings suggests that a
distortion of the crystalline structure occurred. An exper-
imental XRD investigation from Jiang et al.33 showed that
around 1.7 GPa δ-FAPbI3 goes through a mild lattice
distortion that transforms the crystalline symmetry from the
hexagonal P63mc space group to the orthorhombic Cmc21,
which differs from the former by a slight shift of the
octahedron position. Furthermore, different high-pressure
XRD measurements and enthalpy calculations performed by
Wang et al.7 revealed a phase transition above 1 GPa to the
monoclinic C2/c phase. Even though the final space group of
δ-FAPbI3 is still a topic of debate, the pressure evolution of the
Raman spectrum in the 0−2 GPa range, characterized by an
increase in the number of phonon peaks, confirms the
occurrence of a phase transition to a lower symmetry phase.

As previously discussed, the Raman line shape transforms
when the applied pressure reaches 7 GPa. The frequency
position of the three broad bands is kept constant up to the
highest pressure achieved, as shown in Figure 2c.

In order to investigate the reversibility of the transition,
Raman spectra were also collected with releasing pressure. As
shown in Figure 3a, the line shape of the Raman spectrum does
not retrieve its original appearance with decompression. The
trend of the peak position, reported in Figure 3b, shows that
the three main contributions to the spectrum undergo a mild
softening of the peak position down to minimum pressure of
0.7 GPa. Then, as the sample is brought back at ambient
conditions, the Raman spectrum recovers its original four-peak

Figure 2. (a) High-pressure δ-FAPbI3 Raman spectra in the 15−200 cm−1 range during the compression route. (b) Representative fitting
deconvolution of the spectrum at 1.8 GPa. (c) Peak position as a function of pressure during the compression route. The structural phases at
different pressures are described in the upper panel, with phase transitions being marked by vertical dashed lines. Data between 0 and 7 GPa were
obtained by the average of the different data sets with error bars obtained as standard deviations (for further details see Figure S3). Data above 7
GPa were obtained by fitting each available single spectral profile.
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profile although with an overall intensity reduction with
respect to the pristine ambient condition spectrum due to the
increased lattice disorder. The peak centers, reported in Figure
3b, coincide with those measured before the compression−
decompression route.

Previous studies on α-FAPI have shown that the crystal
undergoes two structural distortions at ∼0.3 and ∼1.7 GPa,
followed by a transition to an amorphous-like phase at ∼4
GPa.7,29 The present results thus show that the hexagonal δ-

phase of FAPbI3 is less affected by external compression, as
both the first detectable structural transition and the
amorphous-like behavior occur at higher pressures.

3.3. High-Pressure Photoluminescence Measure-
ments. Parallel to the Raman investigation, aimed at assessing
the high-pressure behavior of the vibrational modes of δ-
FAPbI3, its electronic properties were also studied as a function
of pressure. The spectra obtained from the high-pressure PL
experiments are reported in Figure 4 for both the compression
and the decompression route.

As reported in the inset of Figure 4a, the α-exciton band,
above ascribed to the presence of α-FAPbI3 clusters (see
Section 3.1), shifts from 1.53 to 1.47 eV in the 0−1.4 GPa
range and vanishes at 2.8 GPa. This is in agreement with
previous studies on pristine α-FAPbI3, where a similar red-shift
followed by an abrupt quenching of the PL emission at about
3.5 GPa was observed.7 The authors ascribed this effect to an
enhancement in non-radiative processes due to a progressive
amorphization of the lattice. The lower pressure threshold (2.8
GPa vs 3.5 GPa) found in our case can be due to the effect of
strain experienced by the α domains when embedded in the δ-
FAPbI3 lattice. During decompression (see the inset in Figure
4b), as pressure reaches 1.9 GPa, the α-exciton band is
restored in agreement with previous results from the
literature.7

As to δ-FAPbI3, the indirect exciton band at 2.15 eV (see
Section 3.1) vanishes at the first working pressure (1.4 GPa),
as reported in Figure 4a. Then, at 2.8 GPa, in correspondence
with the suppression of the exciton of α-FAPbI3, a broad band
appears at 1.9 eV and remains almost fixed on further
increasing pressure. Notice that between 0 and 2 GPa, the
indirect exciton band of δ-FAPbI3 is superimposed to the high-

Figure 3. (a) Low-frequency δ-FAPbI3 Raman spectra during the
decompression route (in grayscale) and at ambient conditions (black
line). (b) Analysis of the peak position during the decompression
route. The black empty symbols are the band positions at P > 0 GPa,
while the colored dots are the peak positions observed at ambient
conditions after the pressure is released.

Figure 4. δ-FAPbI3 PL spectra (vertically shifted for sake of clarity) collected on (a) increasing and (b) decreasing pressure in the 1.6−2.2 eV
range. All the spectra were normalized to the same acquisition time and subjected to a smoothing procedure. The narrow peaks ascribed to
diamond vibrational modes (at ∼2.16 eV) and ruby fluorescence emission (at ∼1.78 eV) were subtracted to the data. Some of the spectra were also
multiplied by a constant factor, as shown in the figures, for sake of clarity. The insets show the pressure evolution of the exciton band corresponding
to the α-FAPbI3 direct bandgap. (c) Peak position of the δ-FAPbI3 PL spectra during compression (full spheres) and decompression (empty
circles).
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energy tail of the direct exciton band of the α-phase clusters
and is thus less visible. The quenching of the indirect δ-exciton
at 1.4 GPa can be explained with the increase in non-radiative
recombination processes due to the pressure-induced increase
in lattice disorder. It is worth noticing that this effect is
observed also in the PL band of α-FAPbI3, whose spectral
weight is significantly reduced with pressure. However, in this
case, the higher intensity of the signal and the direct nature of
the transition allows us to detect the band also on applying
pressure. When the direct exciton of α-FAPbI3 is suppressed at
2.8 GPa, the indirect exciton of the δ-FAPbI3 is left as the only
possible radiative decay channel and becomes visible again in
the spectrum. The 0.25 eV red-shift observed in the indirect
exciton center (Figure 4c) is compatible with a pressure-
induced reduction of the indirect gap of δ-FAPbI3 in the 0−2.8
GPa range.

During the decompression route, shown in Figure 4b, the δ-
exciton band keeps its center at about 1.9 eV between 9 and 2
GPa. Below 2 GPa, as the direct decay channel becomes
available again, the intensity of the indirect band is strongly
quenched. Finally, once the sample is brought back at ambient
conditions, the δ-exciton turns visible again, centered at its
original energy (∼2.15 eV).

4. DISCUSSION
Combining the results from Raman and PL measurements, we
can draw a coherent scenario for the pressure evolution of δ-
FAPbI3, in analogy to that proposed in the literature for similar
compounds.24,34

At ambient conditions, the crystal exhibits a dynamically
disordered structure, in which the organic cation is rotationally
averaged over equivalent orientations, and thus, the long-range
periodicity is governed mainly by the inorganic framework.35

The application of pressure drives the shortening of the H−I
bonds, which progressively inhibits the rotation of FA+ cations.
We propose that at 1.5 GPa, similarly to that observed for MA-
based perovskites by Capitani et al.24 and by Francisco-Lopez
et al.36 at increasing pressure and by Leguy et al.37 and Sharma
et al.38 at decreasing temperature, a statically ordered regime
sets up, in which the orientation of the cations shows a
periodic arrangement. In this configuration, the inorganic
framework takes a lower-symmetry phase, and new peaks
appear in the Raman spectrum of the sample, as discussed in
Section 3.2. On further increasing pressure above 7 GPa, a
statically disordered regime takes place, in which the FA+

cations are locked at random orientations. Correspondingly,
the octahedral chains undergo local distortions making the
crystal lose its long-range periodicity. As a result, all Raman-
active features broaden giving rise to an amorphous-like
spectrum. We believe that, in this high-pressure state, although
the lack of long-range order strongly damps the vibrational
modes, the sample maintains locally an octahedral symmetry in
the inorganic framework. This idea is supported by the
reversibility of the Raman spectrum when the sample is
brought back to ambient conditions, which could not occur in
the case of a complete deconstruction of the inorganic
framework.

Whereas an abrupt discontinuity of the evolution of the
Raman spectrum on increasing the pressure from 6 to 8 GPa is
observed, the PL band does not change over the same pressure
range. Raman and PL responses are expected to be at least
partially coupled, since the vibrational modes below 200 cm−1

involve the Pb and I atoms, whose orbitals are those mainly

contributing to the valence and conduction bands of the
crystal.7 The absence of appreciable modifications of the PL
spectrum provides further support to the idea that the Pb−I
bonds within the inorganic framework maintains the local
octahedral structure and that the insurgence of a statically
disordered regime, signaled by Raman, is driven by the random
orientation of FA+.

5. CONCLUSIONS
To sum up, high-pressure Raman and PL measurements
allowed us to shed light on the fundamental role played by the
interaction between organic and inorganic moiety in the lattice
dynamics and the optoelectronic response of δ-FAPbI3. In
particular, we found that the pressure evolution of this sample
shares strong similarities with that previously observed for
crystals in a properly perovskite form. Bearing in mind the
hexagonal symmetry of the δ-phase, this suggests that the
driving force of the amorphous-like molecular disorder is
octahedral compression. Our results contribute to reaching a
deeper understanding of the physical properties of a
compound that has been scarcely studied in the literature
due to its non-perovskite structure but that has recently
demonstrated to play a key role in the performance of devices
exploiting mixed α/δ phases.
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