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The complete phase diagram of organic-cation solid-solutions of lead iodide perovskites

(FAxMA1−xPbI3, where MA stands for methylammonium, CH3NH3, and FA for formami-

dinium, CH(NH2)2) with compositionsx ranging from 0 to 1 in steps of 0.1 was constructed

in the temperature range from 10 to 365 K by combining Raman scattering and photolumi-

nescence (PL) measurements. The occurrence of phase transitions was inferred from both the

temperature-induced changes in the optical emission energies and/or the phonon frequencies

and linewidths, complementing X-ray and neutron scattering literature data. For MA-rich per-

ovskites (x≤ 0.2) the same structural behavior as for MAPbI3 is observed with decreasing tem-

perature: cubicPm3̄m→ tetragonal-II4/mcm→ orthorhombicPnma. Being the FA molecule

larger, more symmetric but less polar than MA, a tetragonal crystal structure is favored at low

temperatures and FA compositionsx > 0.4, in detriment of the orthorhombic phase. As a con-

sequence, with decreasing temperature the phase transition sequence for FA-rich compounds

is cubicPm3̄m→ tetragonal-IIP4/mbm→ tetragonal-III. The latter presumably belongs to

the P4bm symmetry group according to neutron scattering data. Strikingly, the isostructural

(tetragonal-to-tetragonal) transformation, which occurs between 200 and 150 K, exhibits a

kind of critical point forx = 0.7. For intermediate FA contents the perovskite solid solution

transforms close to 250 K directly from the cubic phase to the tetragonal-III phase. The latter is

characterized by a non-monotonous dependence of the band gap energy with temperature. We

ascribe such behavior to a substantial tilting of the PbI6 octahedra in the tetragonal-III phase.

In this way, we established important links between crystal-phase stability and electronic as

well as vibrational properties of mixed organic-cation halide perovskites, which might impact

the current search for more stable best-performing optoelectronic materials.
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Introduction

A salient feature of hybrid lead halide perovskites is the peculiar interplay between the organic and

inorganic degrees of freedom, which plays a crucial role in their structural, vibrational, optical and

transport properties. In this respect, unraveling the associated structure-property relationships is

instrumental for the fundamental understanding not only of the exceptional performance in photo-

voltaics1–3 or in light emitting devices4–6 but also the in-operando stability of this class of materi-

als. In particular, the latter issue is critical for the commercial applicability of halide perovskites,

so far hampered by material degradation and/or crystalline phase instabilities.7–12 Furthermore,

the great advantage of this family of materials of being solution processable is somewhat counter-

balanced by their mechanical softness13 and the consequent low energetic barriers for point defect

formation and ion migration.14–16 To seek for the best material among the APbX3 lead halide

perovskite system that would provide highest photovoltaic efficiency and simultaneous stability,

a fruitful strategy consisted in the systematic exploration of the compositional space by mainly

varying A-site cation and/or the X halide anion.9,10,17–20

Referred to the archetypal hybrid perovskite MAPbI3, where MA stands for methylammonium,

CH3NH3, the gradual substitution of MA by formamidinium (FA), CH(NH2)2, induces a moder-

ate redshift of the fundamental band-gap, which amounts ca. 60 to 100 meV for pure FAPbI3,

as extracted from photoluminescence (PL),18 absorption,19 diffuse reflectance20 or ellipsometry21

spectra. In this way the fundamental gap of the mixed organic-cation perovskite becomes closer

to the optimum value for a single junction solar cell, improving its photovoltaic performance.18,19

In contrast, replacing iodide by bromide causes a strong blueshift of the gap and a simultaneous

improvement in crystallinity, thus, reducing defect density and boosting photovoltaic action, par-

ticularly for applications in tandem devices.18,19 In fact, the latest certified records in conversion

efficiency of hybrid halide perovskite based solar cells were attained using mixed MA/FA and I/Br
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materials.3

Regarding the structural phase stability, both end-composition materials, MAPbI3 and FAPbI3,

have been systematically studied. At ambient conditions, MAPbI3 crystallizes in a tetragonal phase

belonging to theI4/mcmspace group.22 This phase will be called hereafter Tetra-I. The inorganic

cage consists of corner-sharing PbI6 octahedra with straight Pb-I-Pb bonds inc-direction (bond

angle equal to 180◦) but being alternatingly rotated a few tens of degree along thec-direction, such

that the Pb-I-Pb bond angle in thea,b-plane is slightly smaller than 160◦.22 The MA cations which

can freely move inside the cage voids, are dynamically disordered alternating their orientation

in the a,b-plane between the four equivalent〈100〉 directions every few ps.22–25 At around 327

K, MAPbI3 undergoes a second-order phase transition into a cubic phase withPm3̄m symmetry,

for which all Pb-I-Pb bond angles are necessarily 180◦ but the MA cations remain dynamically

disordered (now spanning all six equivalent〈100〉 directions of the cube).22 In contrast, at around

165 K a first-order phase transition occurs, at which MAPbI3 transforms into an orthorhombic

structure pertaining to thePnmaspace group.22 Two key features of the low-temperature phase are

to be remarked: The lower symmetry and volume of the cage voids induces the locking of the MA

cations inside the voids, becoming fully ordered with well aligned -NH3 groups22–24and the now

somewhat deformed PbI6 octahedra exhibit a clear tilting in all three spatial directions, such that

the average Pb-I-Pb bond angle reduces to 154.5◦.22

In the case of the other end-compound FAPbI3, it can be stabilized at room temperature, al-

though with difficulties, in a perovskite phase, the so-called blackα-phase. This phase is cubic

and also belongs to thePm3̄m space group. The FA cations, being rotationally highly mobile, are

dynamically disordered over 24 orientations inside the inorganic cage voids.26 FAPbI3 exhibits a

different low-temperature behavior than MAPbI3, transforming to another tetragonal phase with

P4/mbmsymmetry, hereafter denoted as Tetra-II phase, at about 285 K.17,27 In this tetragonal
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phase, the FA cations remain dynamically disordered but in thea,b-plane.27 Furthermore, neu-

tron powder diffraction27 measurements and a combination with X-ray diffraction28 both indicate

that at 140 K FAPbI3 undergoes an isostructural transition. The low-temperature tetragonal phase,

hereafter called Tetra-III, was tentatively indexed as pertaining to theP4bm space group,28 al-

though the neutron diffraction patterns could not be fully indexed using this symmetry for the unit

cell.27 The neutron results are more indicative of a disordered phase, where the FA cations seem

to be rotated in increments along thec-axis, thus influencing the tilting of the PbI6 octahedra.

Recently, the different degradation routes and the associated kinetics under atmospheric con-

ditions have been systematically studied for FAxMA1−xPbI3 mixed organic-cation lead iodide thin

films over the full compositional range.10 The main conclusions are the following: MA-rich com-

pounds decompose in air into the precursor iodide salts and (layered) PbI2. This degradation is

strongly accelerated by ambient humidity but is slowed down with FA incorporation. On the other

hand, FA-rich phases are unstable against the formation of a non-perovskitic hexagonal phase,

which is the so-calledδ -phase of FAPbI3.10 This hexagonal phase, which is characterized by face-

sharing PbI6 octahedra, possesses a much larger bandgap,21 leading to its yellowish appearance.

26,29 Density functional theory calculations predict that theδ -phase is more stable by 0.2 eV per

formula-unit than the perovskiteα-phase.27 Hence, FA-rich phases convert mainly to this yellow

hexagonal structure upon degradation. Importantly, decomposition is strongly inhibited in the in-

termediate compositional range for x=0.4 to 0.6, where the available routes for degradation of the

end-composition materials are highly restricted.10 Another way of structurally stabilizing the per-

ovskite phases in FA-rich compounds consists in the addition of about 20% of Cs as A-site cation,

which consequently leads to higher crystalline quality and improved photovoltaic properties.9

The rotation-libration dynamics of the organic cations inside the cuboctahedral inorganic cage

voids plays an important role in the structural and vibrational behavior of lead halide perovskites
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and viceversa.30,31 Neutron scattering measurements provided quantitative insight into the rota-

tional dynamics and degree of dynamic disorder of the MA/FA cations within the inorganic cage

in the different phases of hybrid lead halide perovskites.22,24,27In addition, time-resolved vibra-

tional spectroscopy23,31 together with molecular dynamics simulations30 have identified two time

scales for the motion of MA/FA molecules: fast librations (300-600 fs) and slow rotations (2-3

ps). These excitations dominate the dynamics of the MA/FA cations in the cubic and tetragonal

high-temperature phases, since the molecules are fully unlocked within the cage voids. In recent

temperature-dependent experiments on the three methylammonium lead halides, we found evi-

dence of significant coupling between the vibrations of the anionic (PbX−
3 )n (X=I, Br, Cl) network

and the CH3NH+
3 cations in the Raman scattering signature.32,33 As a consequence of the steric

interaction between the MA molecules and the halogen atoms of the inorganic cage, the vibra-

tional modes of the latter exhibit a wide statistical distribution of frequencies, which in turn leads

to a strong inhomogeneous broadening of the Raman peaks. In contrast, in the low-temperature

orthorhombic phase, the reduced volume and symmetry of the cage voids causes the locking of

the organic cations which become well oriented along high-symmetry directions of the perovskite

crystal. The result is a pronounced reduction of the inhomogeneous broadening, which is readily

observed in low-temperature Raman spectra.32–34Interestingly, a similar locking effect of the MA

cations and the concomitant reduction in linewidth of the inorganic cage phonon modes can be

induced at room temperature through the application of high hydrostatic pressure.35,36This speaks

for the existence of a strain-mediated link between the structural phase behavior of hybrid lead

halide perovskites with temperature and/or pressure and the available phase space for the molecu-

lar motion of the organic cations.

In this work, we present a systematic study of the structural phase behavior of high-quality

single crystals of lead iodide organic-cation solid-solutions (FAxMA1−xPbI3) with compositionsx
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ranging from 0 to 1 in steps of 0.1 and in the temperature range from 10 to 365 K. A peculiarity

of this work is that the complete phase diagram was obtained solely by optical means, i.e., by

monitoring the temperature-induced changes in the fundamental band gap and vibrational spec-

trum for the different compositions, as observed in PL and Raman experiments, respectively. The

transition temperatures determined here agree very well with the available literature data from

X-ray or neutron diffraction experiments. Interestingly, in the high temperature regime (T>250

K) and for all compositions, the hybrid perovskites adopt a highly symmetric cubic structure of

corner-sharing PbI6 octahedra. This is a direct consequence of the full dynamic disorder of the

organic cations, moving freely inside the inorganic cage voids, and their strong steric influence

on the rigid-body behavior of the PbI6 octahedra. By lowering the temperature, a second-order

phase transition into up to three different tetragonal structures occurs, depending on composition.

In the low temperature range below ca. 170 K and for MA-rich compounds (x≤ 0.4), the solid

solution undergoes a first-order phase transition (with discontinuities in several physical properties

like fundamental gap or phonons linewidth) from tetragonal to orthorhombic. Instrumental for this

work is the sudden sharpening of the inorganic cage Raman modes due to the locking of the MA

molecules within the cage voids of the orthorhombic phase, which allows us to assess with great

confidence the occurrence of the phase transition. At the other compositional end, i.e., FA-rich

(x≥ 0.7) mixed crystals, the phase transition is of first order but between two tetragonal phases.

Both phases are distinguished by the different gap and, in particular, its distinct temperature de-

pendence. Unexpectedly, this isostructural transition appears to have a kind of critical point for

a FA content ofx = 0.7. Below this composition down tox = 0.5 the tetragonal-to-tetragonal

transformation proceeds without any discontinuity in the spectroscopic features such as the band

gap.
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Experimental

FAxMA 1−xPbI3 crystal growth

The inverse solubility method of Saidaminovet al.37 was developed to produce crystals of

FAxMA1−xPbI3 across the full composition range. Stoichiometric quantities of MAI, FAI (Great-

Cell Solar) and PbI2 (Merck, 99%) were dissolved at 60◦C in dry γ-Butyrolacetone (Alfa Aesar).

Concentrations of the precursor solutions were kept at 1 M, with an exception for the FA rich ma-

terials FAxMA1−xPbI3 (x≥ 0.8), where concentrations were lowered to 0.9 M to allow the FAI

to fully dissolve. When the precursor salts and lead halide powders had completely dissolved, the

solutions were quickly filtered using Millex GS filters of pore size 0.22µm and transferred to clean

cylindrical 4 ml glass vials. The solutions were then heated to 110◦C at a rate of 10◦C hour−1

using an oil bath, the temperature of which was carefully controlled and monitored using a Stuart

SCT1 controller. Solutions were maintained at 110◦C for 2 hours allowing crystallization, the

temperature was then raised to 120◦C for a final hour before the remaining solution was filtered

and large single crystals were oven dried at 100◦C overnight.

Temperature-dependent optical spectroscopy

The PL spectra were excited with the 633 nm line of a He-Ne laser, whereas an infrared diode laser

emitting at 785 nm was employed for the Raman measurements. The latter turned out most suitable

to excite the vibrational modes of the inorganic cage, providing also the highest spectral resolution

and stray-light rejection, such that the acquisition limit for the Raman spectra at low energies was

∼ 20 cm−1. In all cases, a very low incident light power below 2µW (power density <15 W/cm2)

was used to avoid any photo-degradation of the samples.33 Spectra were collected using a 20× long

working distance objective with NA=0.35 (laser spot of ca. 4µm in diameter) and dispersed with
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a high-resolution LabRam HR800 grating spectrometer equipped with a charge-coupled device

detector. PL spectra were corrected for the spectral response of the spectrometer by normalizing

each spectrum using the detector and the 600-grooves/mm grating characteristics. Raman and PL

measurements on large single crystals exhibiting flat surfaces were carried out between 10 and 365

K using a (He) gas flow cryostat from CryoVac with optical access that fits under the microscope

of the Raman setup.

Results and Discussion

Temperature-dependent Raman measurements

Figure 1 summarizes the Raman results as exemplified by two representative compositions of the

FAxMA1−xPbI3 series measured as a function of temperature (the complete set of temperature-

dependent Raman spectra obtained for different compositions is shown in Fig. S1 of the Supporting

Information). To ease the comparison, the spectra were normalized to its maximum intensity

and plotted with a vertical offset with decreasing temperature. The temperature range shown in

Fig. 1 is chosen to capture the occurrence of the tetragonal-to-orthorhombic phase transition.

For the determination of the transition temperatures the abrupt change in lineshape of the Raman

spectra, mainly the strong narrowing of the cage Raman modes, was employed. We note that

such a behavior of the linewidths was previously observed for MAPbI3 at the temperature of the

tetragonal-to-orthorhombic transition at ambient pressure32–34 and also at room temperature but

at a pressure of ca. 3 GPa, corresponding to a transition from cubic to presumably orthorhombic

phase.35 The reduced symmetry of the structure either in the low temperature or the high pressure

phase together with a smaller void volume lead to the locking of the MA molecules inside the

inorganic cage voids in certain crystalline directions. This causes a sudden and marked reduction
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Figure 1: Raman spectra in the spectral range of the inorganic cage phonons of (a) a MAPbI3

single crystal and (b) one with 30% FA content measured at different temperatures, as indicated.
The spectra were normalized to their maximum intensity and shifted vertically for clarity.
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of the inhomogeneous broadening of the Raman modes of the inorganic cage, as a consequence of

the vanishing dynamical disorder of the organic cations when locked.22,23,27,30,31

The Raman spectra of FA-rich compounds withx≥ 0.5, however, do not show any of these

changes (see Supporting Information), which is taken as evidence of the absence of an orthorhom-

bic phase, down to the lowest temperature of the present experiments (ca. 10 K). Moreover, the

(Stokes) Raman signal vanishes any time that the main PL peak moves to lower energies and has

no overlap with the energy of the scattered Raman photons (see, for instance, Figs. S1(g) and

S1(h)). This happens usually at low temperatures and high FA content, being most likely the result

of a total loss of (outgoing) resonance conditions for excitation with the IR laser (785 nm). We

will go back to the Raman results by the discussion of the complete phase diagram.

It is instructive to compare the Raman spectra obtained for different MA-rich compositions

in the low-temperature orthorhombic phase to learn about the effect of composition on the cage

phonons. For a quantitative assessment of the vibrational spectrum of FAxMA1−xPbI3 we have

decomposed the measured Raman spectra in different mode components by a lineshape analysis,

38 as illustrated by the fitting examples displayed in Fig. 2 for spectra measured at 120 K for the

four samples withx between 0 and 0.3 (MA rich). The best fits of the Raman band/peaks have been

obtained using Lorentzian or Gaussian functions for compositionsx < 0.2 orx≥ 0.2, respectively.

Based on a previous assignment of the phonon modes,32–34,39all Raman peaks with frequency

lower than 200 cm−1 correspond to vibrations of the inorganic cage. Here we restrict ourselves

to the five lowest-frequency cage modes, for they are the more pronounced and well-defined ones.

The grey edge-like curve accounts for the spectral characteristic of the 785-nm edge filter used to

cut the laser stray light in the Raman experiments (edge center fixed at around 45 cm−1). The inset

to Fig. 2 shows the plots of the frequency of the five most intense Raman modes obtained from

the lineshape fits for the four compositions considered. Two conclusions can be drawn from these
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Figure 2: Characteristic Raman spectra (strong color curves) of the orthorhombic phase of the four
MA-richer solid solution crystals (0≤ x≤ 0.3) measured at 120 K. The performed lineshape fits to
the Raman spectra using Lorentzian or Gaussian functions (see text for details) are also shown as
light color curves. The grey solid curves correspond to an edge-like function used for describing
the spectral characteristic of the dichroic filter (see text for details). The inset shows the Raman
peak frequencies of the five more pronounced modes as a function of FA content. The dash-dotted
lines are just guides to the eye.
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data: i) The linewidth of the Raman peaks associated to the cage modes increases with increasing

FA content. We recall that in the orthorhombic phase, the contribution to the inhomogeneous

broadening stemming from dynamic disorder has vanished due to the locking of the MA molecules

in the cage voids. On the contrary, the contribution from static disorder due to a sort of alloying

effect when the MA cations are gradually replaced by FA remains unaltered and becomes apparent

in the low-temperature phase. Obviously, MA/FA mixing disorder increases steadily from zero

to a maximum for 50% FA content and then diminishes again (see also discussion below). ii)

As illustrated by the inset to Fig. 2, the frequency of the inorganic cage modes decreases with

increasing FA content. This softening is simply due to the increase in lattice constant as FA is

incorporated in the material,17 being a larger cation than MA, which leads to a weakening of the

covalent metal-halogen bonds.

Temperature-dependent photoluminescence measurements

Figure 3 shows the evolution with temperature of the PL spectra of four FAxMA1−xPbI3 single

crystals with different FA content spanning the whole compositional range (x = 0,0.2,0.5,1). All

spectra were normalized to its absolute maximum intensity and vertically offset to ease their com-

parison. The complete set of spectra cascades as a function of temperature for the eleven organic-

cation compositions studied here are displayed in Figs. S2(a) to S2(k) of the Supporting Infor-

mation. Depending on composition, the main PL peak exhibits a non-monotonous temperature

behavior, including sudden jumps in the position of its maximum. As explained further below, the

jumps and changes in tendency of the maximum peak energy are indicative of the occurrence of

different phase transitions in the temperature range of the experiment. It is important to remark

that all changes in the PL emission (as well as in Raman) are fully reversible, even though there is

a certain degree of hysteresis regarding the precise temperature of the discontinuities.
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Figure 3: PL spectra of FAxMA1−xPbI3 single crystals for four selected compositions, namely (a)
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Before discussing the temperature dependence of the PL spectra, we would like to justify the

assignment of the main emission peak to free-exciton recombination instead of bimolecular recom-

bination of uncorrelated electron-hole pairs. An inspection of the literature might indicate that this

assignment is partly controversial, since the reported values for the exciton binding energy in lead

halide perovskites span a wide range from a few meV40–44to several tens of meV.45–49Neverthe-

less, recent direct determinations of the exciton binding energy have led to a consensus value of

around 15 meV at low temperatures (orthorhombic phase) in MAPbI3
50–52and MAPbBr3.53 Since

neither the near band-edge electronic properties like the effective masses nor the dielectric screen-

ing change much in the tetragonal or cubic phases, it is expected that the exciton binding energy

also remains unaltered at higher temperatures. In fact, recent ultrafast 2D electronic spectroscopy

investigations yielded for MAPbI3 a binding energy of about 12 meV at room temperature.54 With

this moderate excitonic binding it is not surprising the observation of a step-like absorption edge

(none or incipient peak-like feature at the edge) at temperatures around ambient, which has been

incorrectly interpreted as the absence of excitonic effects.43,45,55,56We recall that a step-like pro-

file is the evidence of Coulomb-interaction mediated correlations between electrons and holes in

states of the excitonic energy continuum.45,57 The absence of a peak just means that bound exci-

tonic states corresponding to the discrete energy spectrum became dissociated, because the exciton

binding energy is of the order or smaller than the thermal energy (300 K≈ 26 meV). This, in

contrast, does not hinder bound exciton states to play a main role in emission, since their optical

recombination is favored by a much longer lifetime compared to continuum states.58 Furthermore,

our temperature-dependent PL measurements fully support this interpretation.

The PL spectra of Fig. 3 and Fig. S2 (Supporting Information) thus display the evolution

of the free exciton (FE) with decreasing temperature, exhibiting a non-monotonous shift of its

energy and a clear decrease in linewidth. In view of the relatively small binding energy, the former
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can be taken as representative of the temperature dependence of the fundamental band gap of the

perovskite solid solutions. The latter is indicative of homogeneously broadened emission peaks,

which means lifetime limited. In high quality crystals, the homogeneous lifetime broadening is

mainly determined by the relaxation channel associated to the scattering of electrons/holes by

phonons, thus, being strongly temperature dependent. At very low temperatures, the photoexcited

carriers can readily form exciton complexes bound to shallow impurities (acceptors and/or donors).

58 In fact, the sharp peaks which are apparent below the FE energy become more intense the lower

the temperature and are ascribed to such bound exciton complexes (see Figs. 3(a,b) and Figs. S2(a-

k)). Their properties and the reason for being more pronounced for MA-rich compositions will be

discussed in a forthcoming paper.59

To analyze the PL spectra of the hybrid perovskites we used a Gaussian-Lorentzian cross-

product function for describing the main emission peak. We notice that the same fitting protocol

was also successfully employed for the analysis of the PL spectra of MAPbI3 as a function of pres-

sure but at ambient temperature.35 The expression for the cross-product function, which is given

in the Supporting Information, essentially contains three adjustable parameters: The amplitude

prefactorA, the peak energy positionE0, and the full width at half maximum (FWHM)Γ. This

function is a useful simplification of a Voigt function, which corresponds to the mathematical con-

volution of a Lorentzian, taking into account the natural lineshape due to spontaneous emission,

and an inhomogeneously broadened Gaussian, accounting for a normal distribution of exciton en-

ergies. There is, actually, a fourth parameter, the so-called lineshape-weight parameters (s= 0 for

pure Gaussian,s= 1 for pure Lorentzian). It turns out that, at temperatures higher than approx.

120 K,s takes values between 0.5 and 0.75, indicating an almost equal footing of inhomogeneous

(Gaussian) and homogeneous (Lorentzian) broadening with a slight preference for the Lorentzian

lineshape. In contrast, in the low temperature range,s adopts much higher values between 0.8 and
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0.9, implying that spontaneous emission dominates the low-temperature radiative recombination

of excitons in hybrid perovskites.

The values of the fitting parameters corresponding to the peak energyE0 and the linewidthΓ

are plotted as a function of temperature in Fig. 4 for the eleven compositions of the FAxMA1−xPbI3

solid solutions studied here (the PL peak integrated intensities are shown in Fig. S3 of the Sup-

porting Information). According to the previous discussion, we consider the shift of the PL peak

energyE0 with temperature representative of the temperature shift of the gap. In this regard, the

values ofE0 at room temperature exhibit a clear trend with respect to the organic-cation fraction:

The PL emission shifts to the red with increasing FA content. However, for two compositions,

namely pure FAPbI3 and the FA0.7MA0.3PbI3 mixed crystal (both denoted by open symbols in

Fig. 4), the red-shift of the gap at ambient conditions seems to depart from the overall trend. In

both cases, a probable reason is related to the crystal quality of the sample. Concerning the case

of the FA content of 70%, a recent study that combines the temperature dependent PL measure-

ments with spectroscopic ellipsometry,21 indicates that this sample consists of FA and MA-rich

segregated regions separated by regions with high concentration of vacancies (predominantly of

MA 60,61), although maintaining an average stoichiometry ofx = 0.7. Such a spatial segregation

which might be caused by a higher temperature heating of the solutions when growing this par-

ticular sample,17,37 turns out to determine the near band-gap PL and absorption properties of the

perovskite mixed crystal. In the case of FAPbI3, in contrast, we were not able to study the pris-

tine as-grown sample. For technical reasons, the sample had already transformed into the yellow

hexagonalδ -phase when received. Although we were able to transform the FAPbI3 crystal back

to the perovskiteα-phase by heating it on a hotplate to about 80◦C for a few minutes,10 it seems

that this treatment was somewhat detrimental for its crystal quality (see also discussion of the PL

FWHM further below).
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Figure 4: (a) The maximum PL peak energy position and (b) FWHM plotted as a function of tem-
perature, obtained from the PL lineshape fits using a cross-product function (Eq. (1) of Supporting
Information) for the complete set of compositions of the FAxMA1−xPbI3 series. The inset to part
(b) shows the temperature-independent contributionΓ0 to the exciton linewidth as a function of FA
content [Eq. (1)]. The dashed line is a guide to the eye.
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A careful inspection of the data displayed in Fig. 4(a) indicates the existence of common

characteristics in the temperature behavior ofE0, shared by samples in the whole compositional

range. Around room temperature, in the stability range of cubic and tetragonal phases, the gap

decreases linearly with decreasing temperature. This at first glance atypical behavior has been

recently analyzed in MAPbI3 and ascribed to a roughly equal footing of thermal expansion and

electron-phonon renormalization effects.62 It turns out that this temperature dependence of the

gap holds not only for MAPbI3
62–68but for many other halide perovskites like MAPbBr3,53,65,66

MAPbCl3,47 FAPbI3,66,68 FAPbBr3,65,66 CsPbI3,69 CsPbBr3,69,70 MASnI371 and CsSnI3,72 etc.

Moreover, above room temperature a clear zigzag-type behavior ofE0 is apparent for MAPbI3 and

FA0.1MA0.9PbI3 in Fig. 4(a). According to X-ray diffraction data, the zigzag coincides with the

occurrence of the second-order phase transition between the high temperature cubic phase and the

lower temperature tetragonal phase.17 For several other compositions a similar behavior can be

observed but only after differentiation of theE0-vs.-T curves. For compositionsx≤ 0.2 the energy

E0 exhibits a sudden and abrupt jump to higher values, which in view of the simultaneous narrow-

ing of the Raman peaks we ascribe to the occurrence of a first-order tetragonal-to-orthorhombic

phase transition. We note that the temperature dependence ofE0 in the orthorhombic phase is

almost quadratic. Incidentally, the rigid shift of a group of points of theE0-vs.-T curve just after

the phase transition observed for FA0.1MA0.9PbI3 is not spurious. On the contrary, the tempera-

ture range of the shifted points exactly matches the regime of coexistence of the tetragonal and

orthorhombic phases (see spectra of Fig. S2(b)). We speculate that the energy shift is due to the

build-up of inhomogeneous strains in the solid solution, as a consequence of the different unit

cell volume of each phase. At the other compositional end forx≥ 0.8, in contrast, a less steeper

jump is observed at temperatures between 120 and 190 K. We will show that in this case the

jump is associated to an isostructural transition between two tetragonal phases. Finally, we point

19



out that for all compositionsx≥ 0.3 the phase stable at lower temperatures exhibits a strikingly

near-parabolic dependence of the gap. We anticipate here that such a behavior is the signature

of a third tetragonal phase characteristic of FA/MA mixed crystal perovskites, which displays a

peculiar crystal/electronic-structure relationship.

Figure 4(b) shows the PL peak linewidth (FWHM) as a function of temperature for the eleven

FAxMA1−xPbI3 solid solutions. Essentially, all data points fall onto a common curve, irrespective

of FA content, indicating a strong increase of the FWHM with increasing temperature, as observed

for several high quality perovskite single-crystals,51,73 thin films66 and nanocrystals.69,74 Such

marked temperature dependence of the exciton linewidth is characteristic of an exciton broadening

mechanism mediated by electron-phonon interaction given by:75

Γ(T) = Γ0 +
γopt

e
Eopt
kB·T −1

, (1)

whereΓ0 is the temperature-independent inhomogeneous broadening which is mainly determined

by the crystal quality,γopt is the electron-optical-phonon coupling constant andEopt is an effective

optical-phonon energy. Notice that the second term in Eq. (1) is nothing else than the Bose-Einstein

occupation factor for a representative optical mode with an effective frequency, multiplied by an

effective coupling strength constant. This is usually referred to as the one-oscillator model of the

electron-phonon interaction. In Eq. (1) we have neglected the contribution stemming from exciton

scattering by acoustic phonons, because the electron-acoustic-phonon coupling is often several

orders of magnitude weaker than for optical phonons.51,66,73Using Eq. (1) we can now proceed to

analyze the temperature dependence of the free exciton linewidth, looking for correlations between

electron-phonon coupling parameters and organic-cation composition. In Fig. S4(a), we provide

for MAPbI3 an example of a least-squares fit to the FWHM data points with the function of Eq.

(1) and havingΓ0,γopt,Eopt as adjustable parameters. The values of the parameters yielding the
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best fit for MAPbI3 are given in the legend of Fig. S4(a), whereas the fitting results forγopt,Eopt

are plotted as a function of composition in Fig. S4(b). While the effective phonon energy is

almost independent of FA content with an average value of about 5 meV, the electron-phonon

coupling strength adopts two different values: ca. 10 meV for the two compositional ends and

about 17 meV for intermediate compositions. It is important to note that we have restricted the

fit for all compositions to the low-temperature data (as illustrated in Fig. S4(a) for MAPbI3),

corresponding either to the orthorhombic or the tetragonal phase, the latter which exhibits the

parabolic dependence ofE0 on temperature. Despite the fact that Eq. (1) holds for the high

temperature phases as well, the exponential dependence of the phonon occupation number can be

captured by the fitting function only at very low temperatures, because of the small value of the

effective phonon energy. The values of the fitting parameters are thus no longer uniquely defined

for the high-temperature stable phases.

In contrast, the values of the inhomogeneous broadening termΓ0, depicted in the inset to Fig.

4(b), do show a dependence on composition. As illustrated by the dashed curve, this dependence

is a bell-shaped function which roughly correlates with the amount of disorder introduced in the

crystal by mixing MA and FA in different proportions. The two exceptions are the FAPbI3 and

FA0.8MA0.2PbI3 samples, which show much stronger residual broadening. This is indicative of a

lesser crystal quality, probably due to the instability of FA-rich crystals towards formation of the

hexagonalδ -phase. Judging by the sharpness of the exciton peak at low temperatures, the best

quality crystals correspond to pure MAPbI3 with a Γ0 value of 2.7(6) meV, which is about half of

the best one reported previously.73
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Temperature-composition phase diagram of FAxMA 1−xPbI3

(Pm3m)

(P4/mbm)(I4/mcm)

(P4bm??)

(Pnma) X-ray/neutron
PL
Raman

Figure 5: Temperature-versus-composition phase diagram of FAxMA1−xPbI3 perovskite solid so-
lutions. The symbols represent experimental data (Raman and PL data from this work and X-
ray/neutron scattering data from Refs.17,22,26,27). The different crystal structures and their symme-
try are indicated in the graph. Phase separation lines are a guide to the eye.

Figure 5 displays the temperature-composition phase diagram of the FAxMA1−xPbI3 solid solu-

tions constructed by optical spectroscopy means, employing the temperature-dependent Raman

and PL data obtained here combined with literature data from X-ray diffraction and neutron scat-

tering.17,22,26,27The identification of the different crystal structures and their assignment to the

corresponding space groups are also from literature and were discussed briefly in the introduction.

The red closed circles correspond to the transition temperatures determined by Raman scattering.

They are obtained from the points at which the strong narrowing of the Raman peaks is observed,

as a consequence of the locking of the MA cations inside the cage voids. This occurs when the
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material transforms into the orthorhombic phase with decreasing temperature. Figure S5 of the

Supporting Information illustrates this effect in the case of MAPbI3. In Figs. S1(a) to S1(h) we

further show that, apart from the qualitative changes in the Raman spectra lineshapes, the transi-

tion temperature can also be determined from the Raman data corresponding either to the phonon

frequencies or the linewidths. Note that forx = 0.3 and 0.4 only the Raman technique was able to

pinpoint such phase transformation. In addition, the phase transition temperatures denoted by the

blue circles were inferred either from abrupt variations of the PL peak energies or from changes in

their temperature dependence. Particularly tricky is the determination of the cubic to tetragonal-I/II

transitions and the transitions into the tetragonal-III phase. For the former the transition temper-

ature is taken from the middle point of the zigzag dependence of theE0-vs.-T curve, often only

visible in the first derivative curve. For the latter case the inflection point from a linear to a quadratic

temperature dependence ofE0 was considered as the setting-in of the phase transformation. The

procedure to determine the different transition temperatures from the PL data is illustrated in Fig.

S6 of the Supporting Information. When available, the PL data agree well with the phase transition

temperatures of the literature (black open squares).

The general picture that emerges from this phase diagram is the following: At room tempera-

ture or slightly above as for MAPbI3 and FA0.1MA0.9PbI3, the most stable phase is a simple cubic

one withPm3̄msymmetry, which is characterized by straight metal-halogen-metal bonds and fully

unlocked organic cations inside the cage voids.22 Such a highly symmetric structure is stabilized at

high temperatures, because the entropy reduction of the inorganic cage is overcompensated by the

strong dynamic disorder of the MA/FA organic cations, as inferred from molecular dynamics sim-

ulations.27,76For MA-rich perovskites (x≤ 0.2) the same structural behavior as for MAPbI3 is ob-

served with decreasing temperature: cubicPm3̄m→ tetragonal-II4/mcm→ orthorhombicPnma,

being the latter transition clearly of first order with a pronounced jump in the PL peak energy asso-
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ciated with. We find out that because the FA molecule is larger, more symmetric but less polar than

MA, a tetragonal crystal structure is favored at low temperatures and FA compositionsx > 0.4, in

detriment of the orthorhombic phase. As a matter of fact, the phase transition sequence for FA-rich

compounds and decreasing temperature is cubicPm3̄m→ tetragonal-IIP4/mbm→ tetragonal-III.

For the latter structure, which corresponds toγ-FAPbI3,27 the space-group assignment is uncer-

tain. A unit cell refinement of neutron data indicates that aP4bmsymmetry is plausible but with

a certain degree of disorder present in the structure.27 Strikingly, the isostructural (tetragonal-II

to tetragonal-III) transformation, which occurs between 200 and 150 K, exhibits a sort of critical

point atx = 0.7. For FA contentsx≥ 0.7 the transition takes place exhibiting a marked jump in

the PL peak energyE0 (see Fig. 4(a)), the phase separation line being indicated with a solid curve

in the phase diagram of Fig. 5. In contrast, for lower FA concentrations than 70% (but higher

than 20%) the evolution ofE0 with decreasing temperature is continuous, mimicking super-critical

behavior (phase separation thus marked with a dashed line in Fig. 5). Finally, for intermediate

FA concentrations the stability range of the tetragonal-III phase extends all the way from very low

temperature to more than 250 K, where the FAxMA1−xPbI3 mixed crystals transform into the cubic

phase. Recent ab-initio molecular dynamics calculations have shown that the replacement of FA

by a smaller A-site cation like MA causes an increased tilting of the PbI6 octahedra to compensate

for the reduced space filling offered by the smaller cation.76 Based on these simulation results and

the striking similarity with the orthorhombic phase of the parabolic temperature dependence of the

PL peak energy, we speculate that the tetragonal-III structure is also characterized by pronounced

tilting of the corner-sharing octahedra. We further expect that the average tilting increases with

decreasing temperature and competes with the effect of electron-phonon renormalization,62 giving

rise to the observed non-monotonic variation of the gap with temperature. Further theoretical and

experimental investigations of this unusual behavior are certainly necessary to unravel its origin.
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Conclusions

In summary, by combining optical spectroscopy techniques such as Raman and photolumines-

cence as a function of temperature, we were able to draw the temperature-composition phase dia-

gram for hybrid FAxMA1−xPbI3 perovskite solid solutions. Despite the fact that the organic cation

molecules are loosely bonded inside the inorganic cage just by steric interactions, their presence

and, in particular, their ability to move, rotate or librate inside the cage voids, turn out to be determi-

nant for the structural phase stability of the soft skeleton of corner-sharing metal-halide octahedra.

At temperatures around ambient and higher, the organic molecules of the A-site cations are freely

moving in the inorganic cage voids. The fast molecular dynamics gives rise to almost spherical

atomic-density clouds which favors a cubic environment, hence, imposing a cubic symmetry to the

labile but heavy arrangement of corner-sharing PbI6 octahedra. This holds for the whole compo-

sitional range. At temperatures lower than roughly 150 K, the interplay between the cooling of

the molecular dynamics and the gradual quenching of the tilting vibrations of the octahedra leads

to the mutual locking of the MA/FA cations in different directions in space and of the octahedra

at well defined tilting angles. As a result, the hybrid perovskites transform into crystal structures

with lower symmetry but highly deformed, at least regarding the tilting angles (metal-halide-metal

bonds with angles much lower than 180◦). These are an orthorhombic phase for MA-rich mixed

crystals and the disordered Tetra-III phase for FA compositions higher than 40%. At intermedi-

ate temperatures, the situation is half way between the high and low temperature ones. For both

compositional ends, the inorganic cage adopts a tetragonal structure with the organic molecules

freely moving solely in the tetragonal plane and straight metal-halide-metal bonds perpendicular

to it. In contrast, for intermediate concentrations an inhomogeneous strain develops across the

mixed crystal. The inhomogeneity is a consequence of the different size, polarity and confor-

mation of the MA and FA molecules, which are translated to the immediate surrounding of the
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organic molecule, at least to the unit cell in which is contained. An efficient way to accommodate

the inhomogeneous strain is by tilting the octahedra indistinctly in different directions, following

the disorderly oriented organic molecules. These are the two main characteristics of the Tetra-III

phase: High disorder and tilting. In view of the importance of the link between crystal structure and

the electronic, optical and vibrational properties of a material, we expect that the knowledge gained

here would positively impact on the improvement of optoelectronic performance and longstanding

stability of mixed organic-cation hybrid halide perovskites.

Supporting Information

Contains the complete set of Raman and PL spectra measured as a function of temperature in the

range 10 to 365 K for the eleven compositions of the FAxMA1−xPbI3 system, as well as details

of the fits performed to the exciton linewidth data points using a single oscillator model for the

electron-phonon interaction contribution.
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