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Abstract 

We report temperature resolved UV-vis absorption and external quantum efficiency measurements 

of MAPbI3 thin films and solar cells, together with ab-initio simulations, to investigate the changes 

in material properties occurring across the tetragonal to cubic phase transition. We find that the 

MAPbI3 band-gap of does not abruptly change when exceeding the tetragonal to cubic transition 

temperature, but it rather monotonically blue-shifts following the same temperature evolution 

observed within the tetragonal phase. Car-Parrinello molecular dynamics simulations demonstrate 

that the high temperature phase corresponds on average to the expected symmetric cubic structure 

assigned from XRD measurements, but that the system strongly deviates from such a structure in 

the sub-picosecond time scale. Thus, on the time scale of electronic transitions, the material seldom 

experiences a cubic environment, rather an increasingly distorted tetragonal one. This result 

explains the absence of dramatic changes in the optical and photovoltaic properties of MAPbI3 

across the explored temperature range of 270-420 K, which could have important consequences for 

the practical uptake of perovskite solar cells. 

 

Broader context 

The rapid efficiency surge of solar cells based on organohalide lead perovskite has been only in part 

paralleled by a fundamental understanding of the basic materials properties. The prototypical 

methylammonium lead iodide perovskite, MAPbI3, shows the presence of various phase transitions 

occurring in the temperature range of technologically relevant applications. Above 327 K, a change 

from a tetragonal to  a cubic structure is known to occur. The presence of such a tetragonal- cubic 

transition well within the operative temperature range of a solar cell is a delicate point for the 

widespread uptake of perovskite solar cells, as it could inherently hinder the real word applications 

of these devices. Here we demonstrate that the photovoltaic properties of hybrid lead-halide 

perovskites are not inherently limited by the presence of a phase transition within the solar cell 

operating regime. In particular, we show the absence of dramatic changes in the optical and 
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photovoltaic properties of MAPbI3 perovskites across the tetragonal to cubic transition,  due to 

structural fluctuations on a sub-picosecond timescale that make the instantaneous electronic energy 

levels and band-gap of the formally cubic, high temperature structure, to differ only slightly from 

those of the room temperature stable tetragonal phase.  
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1. Introduction. 

Hybrid metal halide perovskites of the type AMX3-xYx, with A= Cesium (Cs), methylammonium 

(MA) or formamidinium (FA), M=Sn or Pb, and X, Y= Cl, Br and I, represent one of the most 

important recent breakthroughs in the field of photovoltaics and optoelectronics in general. Initially 

investigated in dye-sensitized solar cells,
1
 showing an impressive efficiency improvement in just a  

few years,
2-8

 with recently reported record efficiency of ∼20%,
9
 hybrid lead halide perovskites have 

been successfully implemented also in a variety of optoelectronic applications, such as light 

emitting devices,
10

 lasing
11

 and water-splitting devices.
12, 13

 Their success is mainly due to their 

unique set of electronic properties, such as ambipolar transport properties,
14, 15

 µm to mm charge 

carrier diffusion length,
16, 17

 low intrinsic recombination rate,
18

 tunable band gap across the visible 

region (down to 1.2 eV for the MASnI3 perovskite),
19

 and large absorption coefficient.
2
 Notably, 

these impressive electronic properties are coupled to the possibility to resort to low cost solution-

based techniques for their synthesis and deposition, or alternatively to vapor deposition methods,
5
 

which has further increased the scope for device applications. 

In spite of the large body of work, however, there are still many open questions on the basic 

electro-optical properties of this class of materials and on their possible practical limitations. An 

important peculiarity that hybrid perovskites share with their fully inorganic counterpart is the 

presence of various phase transitions, also occurring in the temperature range of technologically 

relevant applications. An example is provided by the prototypical methylammonium lead iodide 

perovskite, here-on MAPbI3. X-ray diffraction (XRD) investigations
19, 20

 and calorimetric 

measurements
21, 22

 highlighted the presence of two phase transitions at 162 K and at 327 K. 

Poglitsch and Weber assigned the low temperature transition to a change from an orthorhombic-to-

tetragonal crystalline structure, and the high temperature one to a change from a tetragonal-to-cubic 

structure.
20

 The presence of a tetragonal-to-cubic transition at 327 K, well within the operative 

temperature range of a solar cell, is a delicate point as it could inherently hinder the real word 

applications of these devices, because of possible variations across the phase transition of the 
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inherent optoelectronic properties of this class of materials and consequently of its photovoltaic 

working mechanism.  

This point has been partly addressed by a recent paper by Zhang et. al.,
23

 who investigated 

the photovoltaic performances of MAPbI3 in the 80 K to 360 K temperature range, thus across both 

the orthorhombic-tetragonal and the tetragonal-cubic phase transitions. These authors demonstrated 

that the photovoltaic parameters of MAPbI3-based solar cells, especially short circuit current and fill 

factor, did not change dramatically across the tetragonal-cubic phase transition at 327 K, while they 

observed a strong efficiency decrease when approaching the orthorhombic phase. These results 

seem to suggest that there could be no marked distinction between the tetragonal and cubic phases, 

while the orthorhombic phase shows effectively different photovoltaic properties. An important 

point to be further explored is whether the fundamental material properties affecting the 

photovoltaic operational mechanism in perovskite solar cells, i.e. the perovskite band-gap and 

energy levels, are changing across the tetragonal-cubic phase transition and to what extent. This 

information is fundamental for the device design, since a significant change in the perovskite 

electronic structure typically associated with a phase transition is difficult to accommodate in a 

device whilst maintaining efficient charge extraction with carrier-selective contacts as they must be 

well matched to the light-absorber over all conditions.  

 In this paper, we present a coupled experimental and theoretical investigation aimed at 

clarifying, at an atomistic level, the variation of the structural and optical properties of MAPbI3 

across the tetragonal-cubic phase transition. We perform UV-vis absorption and external-quantum-

efficiency (EQE) measurements as a function of temperature both on MAPbI3 and on MAPbI3-xClx 

perovskites in the 300-410 K range, comparing with previous results at lower temperatures.
24

 We 

observe a gradual blue-shift of the band-gap from room temperature to 410 K, that is not paralleled 

by the predictions of GW calculations for an abrupt change from the tetragonal to the cubic 

structure. Car-Parrinello molecular dynamics simulations reveal that the high temperature phase is 

indeed cubic when considering the time-averaged structure. However, we observe large fluctuations 
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in the PbI6 octahedra tilting on a sub-picosecond timescale that make the instantaneous and time-

averaged band-gap distinctively wider than the band-gap predicted for the time-averaged structure, 

consistent with our experimental evidence. This result explains the absence of dramatic changes in 

the optical and photovoltaic properties of MAPbI3 perovskites across the explored temperature 

range. Most notably, we demonstrate that, as opposed to the ferroelectric properties of inorganic 

oxide perovskites, the photovoltaic properties of hybrid lead-halide perovskites are not inherently 

limited by the presence of a phase transition within the solar cell operating regime. 

 

2. Results and Discussion. 

The transition from the room temperature tetragonal phase to the high temperature cubic phase of 

hybrid lead-halide perovskites has been widely studied in the past. Calorimetric studies by Knop et. 

al.
22

 and by Onoda-Yamamuro et. al.
21

 reported large latent heat during this transition, 

demonstrating that it is a first-order thermodynamic transition. On the structural side, the tetragonal-

cubic transition in MAPbBr3 and MAPbI3 has been classified by Mashiyama et. al. as displacive.
25

 

The typical “out-of-phase” rotation of the PbI6 octahedra along the c-axis of the tetragonal phase, 

a
0
a

0
c

-
 structure in the Glazer notation,

26
 gradually reduces when increasing the temperature, until 

the octahedra are no longer rotated, on average, thus resulting in a cubic structure classified as 

a
0
a

0
a

0
, see Figure 1. The rotation of the octahedra can be quantified by the I-Pb-Pb-I dihedral angle, 

α in Figure 1. The gradual reduction of the octahedra tilting in MAPbI3 is supported by recent XRD 

analyses.
27, 28
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Figure 1. Octahedra tilting pattern for the tetragonal (left) to the cubic (right) structure of in a 

MAPbX3 perovskite (X=halide); the order parameter of the transition, the X-Pb-Pb-X dihedral 

angle α, is also reported.  

 

In Figure 2a, we report the UV-vis absorption spectrum of MAPbI3 from 310 K to 400 K . Data 

recorded in the full 4.2-400 K temperature range can be found in Supplementary Information. 

Within the temperature stability range of the tetragonal phase, we observe a gradual blue-shift of the 

absorption maximum with increasing temperature from ∼1.61 to ∼1.69 eV (Figure 2a). For many 

semiconductors (Si, Ge, GaAs, InP, InAs…) the band gap red-shifts to lower energies with 

increasing temperature. Some Pb-based compounds instead show the opposite results. In PbS films 

for example, lattice dilation increases the band gap.
30

 A similar result has been theoretically 

reported for MAPbI3.
29, 31

 We fitted this shift with a linear approximation of the empirical Varshni 

relationship
32

 in the high temperature limit, also considering that the absence of an excitonic 

transition allows for a clear linear fit of the change in the band gap onset as a function of the 

temperature according to equation 1:  

Eg(T)=Eg(0)+dEg/dT*T         (1) 

where Eg(0) represents the material energy gap at T=0, while dEg/dT is a constant parameter 

characteristic of a given material which has contributions from lattice thermal expansion and 

electron-phonon interactions.
32

 The fitting provides an estimate of the temperature dependence of 
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the band gap of dEg/dT=257±13 µeV/K for MAPbI3 (Figure 2b). A recent work, confirms this 

continuous blue-shift of the band gap across the tetragonal-cubic transition for MAPbI3, and it 

demonstrates that this is mainly due to the down-shift of the valence band.
33

 For MAPbI3-xClx our 

measured absorption spectra show a similar behavior as for MAPbI3 but suggest a ∼20 K lower 

orthorhombic to tetragonal transition temperature for this material,  Supplementary Information 

Figure S1, in line with the effect of a small percentage of chlorine doping.
40
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Figure 2. a) UV-vis absorption spectrum of of MAPbI3 from 310 K to 400 K; b) evolution of the 

band gap The experimental data are fitted according to equation (eq.1) to extrapolate dEg/dT=257 

±13 µeV/K. 

 

Most notably, our observations are directly translated into the photovoltaic properties of devices 

based on MAPbI3, fabricated according to recently published procedure.
34

 In Figure 3a-b, we report 

the J-V curve and absolute external quantum efficiency (EQE) of a 17.4% efficient solar cell (see 

Experimental Methods, Supplementary Information, for further details). In Figure 3c we report the 

normalized EQE for the same cell scanned across the 300-360 temperature range. The cell was first 

heated from 300 K to 360 K, above the tetragonal-cubic transition, then cooled down back to 300 K 

to verify the reversibility of the spectral shift and the absence of permanent changes in the light-

harvesting spectrum induced by thermal cycling in MAPbI3-based solar cells. Heating from 300 K 

to 360 K, we observe a gradual blue-shift of the EQE curve onset, that is related to the increase of 

the band gap of Figure 2a, consistent with changes in the absorption spectrum of bare MAPbI3 

films. Interestingly, we do not observe abrupt variations of the spectral dependence of the 

photocurrent generation across the tetragonal-cubic phase transition, consistent with the similar 

short circuit current and efficiencies found by Zhang et. al.-.
23

 Cooling down from 360 K to 300 K, 

we observe a complete recovery of the original spectral shape of the EQE, thus demonstrating that 

the variation in band-gap across the tetragonal-cubic phase transition is completely reversible in an 

efficient functioning device. We repeated the measurements for several MAPbI3-based devices with 

power conversion efficiencies >15 % (Figure SI2 and SI3) to ensure the reproducibility of the 

phenomena  A similar trend was also observed in a MAPbI3-xClx–based device (Figure SI4).    
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Figure 3. a) J-V curve and b) absolute EQE for a MAPbI3-based solar cell at room temperature. c) 

Normalized EQE for the same photovoltaic device across the temperature range of the 

tetragonal-cubic  phase transition.  

 

To provide a rationale for the picture derived from experimental measurements, we performed 

periodic quantum-mechanical calculations, using the Quantum-Espresso suite of programs.
35

 First, 

we calculated the electronic band gap of the orthorhombic, tetragonal and cubic crystals at their 

optimized geometry. To provide reliable bang-gap estimates, we resorted to state-of-art GW 

calculations with the inclusion of spin-orbit-coupling (SOC), currently representing the method of 

choice for accurate predictions, within 0.1 eV, of the electronic properties of hybrid lead halide 

perovskites.
36, 37

 In light of the very small chlorine concentration in MAPbI3-xClx, around a few % at 

most,
38-41

 we limited our simulations to the pristine MAPbI3 perovskite. For the orthorhombic 

phase, we used the Pnma structure determined from the XRD measurements at 100 K by Baikie et 

al.,
27

 made by four MAPbI3 units. For the tetragonal phase we used a previously optimized 

structure,
42, 43

 again made by four MAPbI3 units, which is consistent with the XRD structures 

proposed by Kawamura et. al.
44

 and Stoumpos et. al.,
19

 showing the typical a
0
a

0
c

-
 rotation of the 

PbI6 octahedral, Figure 1a. For the cubic structure, our model is made by eight MAPbI3 units 

obtained by replication of two different optimized cubic systems made by one MAPbI3 unit. The 

two structures are originated by fixing the inorganic atoms in the crystallographic cubic positions 

and by relaxed the organic MA cation, hereafter (a), or by allowing the organic and inorganic 

components to relax (b). In all cases, we used the experimental cell parameters (see Supplementary 

Information for further details).
20

 

 

Table 1. Comparison between experimental band-gap (eV) of the various phases of MAPbI3-xClx, 

and the calculated SOC-GW band gap of MAPbI3. (a) and (b) refer to the two considered cubic 

structures, see text for definitions. In parenthesis, we report the temperature at which the 
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experimental band gap is evaluated. 

 orthorhombic tetragonal cubic 

exp. 1.65 

(4.2 K) 

1.61  

(160 K) 

1.69 

(330 K) 

SOC-GW 1.81 1.67 1.16
(a)

/1.28
(b)

 

 

The SOC-GW band-gap calculated for the three phases of MAPbI3 at their optimized structures are 

reported in Table 1, compared with experimental data from Figure 2 and Figure SI1. We predict a 

red-shift associated to the orthorhombic-to-tetragonal change in the crystal structure, from 1.81 eV 

to 1.67 eV, in good agreement with the red-shift from 1.65 eV to 1.61 eV observed from the UV-vis 

measurements, Figure SI1. Notice that while for the orthorhombic phase an excitonic feature is 

clearly visible in the optical spectra, no such feature is distinguishable for the tetragonal phase. 

Thus for the orthorhombic phase the optical absorption maximum represents a lower-bound for the 

electronic band-gap, which is the SOC-GW calculated quantity, while the two values may coincide 

(within few meV) for the tetragonal phase. Our SOC-GW calculated band-gap for the orthorhombic 

phase agrees with previous data obtained for this system by hybrid functionals including SOC.
32

 For 

the high temperature transition instead, SOC-GW calculations predict a large red-shift of the band-

gap, amounting to 0.4-0.5 eV, that is clearly inconsistent with the experimental data in Figure 2.  

These results demonstrate that, in spite of the expected reliability of SOC-GW calculations, 

a static picture based on the optimized structures is not able to explain the experimental data for the 

tetragonal-cubic phase transition. In this sense, several results reported in the literature have 

questioned the presence of a highly symmetric cubic crystal structure in the high temperature phase 

of methylammonioum lead halide perovskites. XRD studies by Mashiyama et. al. pointed out that 

the Cl anions do not occupy exactly the cubic symmetry positions in the high temperature of 

MAPbCl3;
45

 Worhatch et. al observed large rotations of the PbBr6 octahedra, for the high 
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temperature cubic phase of MAPbBr3, with the local material structure that can differ from the 

nominal a
0
a

0
a

0
 structure of Figure 1a;

46
 Abid et. al. observed a signal at 66 cm

-1
 in the Raman 

spectrum of the high temperature phase of MAPbCl3, that, due to symmetry reasons, should be 

silent.
47

 Hybrid lead halide perovskites are well known to show important structural dynamics 

phenomena at room temperature, in particular in relation to the rotational motion of the MA cations 

within the perovskite cubo-octahedral cavity.
20, 21, 48

 To account for these effects on the material 

structure and consequently on the electronic properties, we performed Car-Parrinello molecular 

dynamics (CPMD)
49

 simulations on models representative of the room temperature tetragonal phase 

and of the high temperature cubic phase. For both the tetragonal and cubic phases, we employed a 

2x2x2 replica of the tetragonal crystallographic cell containing 4 MAPbI3 units (thus a 32 MAPbI3 

system is simulated), using the experimental cell parameters reported by Poglitsch and Weber.
20

 

The employed 2x2x2 model cell, containing 384 atoms, provides reliable results for the structural 

properties of the MAPbI3 perovskite,
43, 50

 as inferred by comparing the radial distribution function 

obtained from the theory to the experimental data
51

 (Figure SI5). The tetragonal phase is simulated 

at an average temperature of 320 K, using the real atomic masses for all the atoms, except hydrogen 

which is replaced by deuterium, for a total time simulation of 18 ps, after a few ps of equilibration. 

The cubic phase is simulated starting from the same structure at an average temperature of 650 K 

and the total simulation time for the cubic structure is limited to 6 ps, after few ps of equilibration 

(for further details see Supplementary Information). First, we analyzed the averaged crystalline 

structure within the duration of the simulation. The time-averaged structures observed during the 

CPMD simulation are shown in Figure 4a-b, respectively, for the 320 K and the 650 K simulations. 

For the simulation at 320 K, we observe the “out-of-phase” rotation of the PbI6 octahedra rotation 

along the c-axis  (see Figure 4a), typical of the tetragonal structure of MAPbI3.
19, 44

 For the 

simulation at 650 K instead, the time-averaged structure is essentially cubic, with only a small 

residual octahedra tilting, reasonably due to the constraint on the cell parameters, that were fixed to 

the experimental parameters of the tetragonal phase and are thus shorter with respect to the 
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equilibrium cell parameters of the cubic phase. Thus, the 320 K structure and the 650 K on the ps 

time scale actually correspond to the nominal a
0
a

0
c

-
 and a

0
a

0
a

0
 structures experimentally evinced 

from XRD measurements. The statistical analysis of the dihedral I-Pb-Pb-I angles confirms this 

result (see Figure 4c-d). The 320 K structure shows a nearly symmetric distribution typical of the 

a
0
a

0
c

-
 tetragonal phase, with α maximum values at ±28°. The 650 K structure instead presents a 

nearly symmetric distribution centered around an α value of 0°. Most notably, the “cubic” structure 

can strongly deviate from the nominal a
0
a

0
a

0
 structure on a sub-ps time scale, with octahedra tilting 

values comparable to those observed for the tetragonal 320 K structure. Noteworthy, the probability 

for a dihedral I-Pb-Pb-I angle in the high temperature phase of being larger or smaller than ±10° is 

as much as 50%. Thus, locally and on a sub-ps time-scale, the structure is on average significantly 

distorted with respect to the nominally cubic a
0
a

0
a

0
 symmetry.  

 

Figure 4. a) and b) Structure for the 320 K and 650 K, averaged over the whole CPMD simulation 

time. c) and d) distribution of the values assumed by all the I-Pb-Pb-I dihedral angles within the 

periodic cells, during the CPMD simulation, respectively for the 320 K simulation (c) and for the 

650 K (d). For a definition of the I-Pb-Pb-I dihedral angles, see Figure 1a. 
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Now, we investigate the effect of these sub-ps dynamical fluctuations on the electronic properties of 

MAPbI3. First, we calculate the scalar-relativistic (SR) DFT and the SOC-DFT band-gap of the 

time-averaged structures. This is accomplished by averaging the atomic positions during the CPMD 

dynamics at each temperature, leading to two structures (one for the high T and one for the low T) 

which are reported in Figure 4a-b. As previously discussed, SR-DFT fortuitously reproduces the 

experimental band gap value and that found by more elaborate SOC-GW calculations,
36, 42

 while 

SOC-DFT considerably underestimates the band gap
52

 but it still  provides qualitatively similar 

results to SOC-GW calculations.
53

 The results are reported in Table 2. The small SOC-DFT band 

gap obtained for the time-averaged high temperature structure compares well with the data from 

Ref. 
37

 (0.2 eV) and Ref. 
53

 (0.16 eV). Similarly, for the low temperature time-averaged structure the 

calculated band-gap is consistent with previous data. We then computed the instantaneous band-gap 

fluctuations at 320 K and 650 K by explicitly calculating the band-gap of each structure 

encountered during the structural dynamics, thus considering inherently the effects of the structural 

deformations on the electronic properties of MAPbI3, see Figure 5 and Supplementary Information. 

For the dynamics at 320 K, the band-gap oscillates around an average value of 1.62/0.59 eV 

(SR-DFT/SOC-DFT), thus only slightly increasing with respect to the 1.50/0.40 eV (SR-DFT/SOC-

DFT) band-gap computed on the time-averaged structure. At 650 K, the band gap oscillates around 

1.67/0.77 eV (SR-DFT/SOC-DFT), being significantly larger than the band gap calculated on the 

time-averaged structure, 1.24/0.04 eV by SR-DFT/SOC-DFT. Most notably, a blue-shift of the 

band-gap across the tetragonal-cubic structure is observed, from 1.62 eV to 1.67 eV at the SR-DFT 

level (from 0.59 eV to 0.77 eV at the SOC-DFT level), that agrees quite well with the 

experimentally observed blue-shift, Table 2. As mentioned above, the present CPMD simulations 

do not consider the inherent variation of the crystalline cell parameters with the temperature,
33

 but 

still they partly recover than observed band-gap variation, pointing  at the dynamics of the PbI6 

octahedra rotation across the phase transition as a source of band-gap increase with increasing 

temperature.  
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Table 2. Theoretical band gap calculated on i) the time-average structure from CPMD simulations 

and ii) as the average of the band gap during the CPMD simulations. Band-gaps are evaluated both 

at the scalar-relativistic (SR-DFT) and at the spin-orbit-coupling (SOC-DFT) level of theory. 

 SR-DFT SOC-DFT 

T (K) band-gap of the time-averaged structure  

320 1.50 0.40 

650 1.24 0.04 

T (K) average of the instantaneous band-gap 

320 1.62 0.59 

650 1.67 0.77 

  

 

Figure 5. Evolution of the band gap during the CPMD simulations for the system at 320 K and at 

650 K, evaluated at the SR-DFT and SOC-DFT level of theory. The dashed line represents the 

band-gap average. 
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Our data clearly highlight the presence of large fluctuations in the PbI6 octahedra tilting on a 

sub-picosecond timescale that make the instantaneous band-gap and its average value to be 

distinctively wider than the band-gap predicted for the time-averaged structure, consistent with the 

experimental evidence. The time evolution of the valence and conduction band edges, whose 

difference determines the band-gap, seems to be relatively uncorrelated, see Figure SI5, 

Supplementary Information. Notably, the valence band edge shows larger fluctuations around its 

average value, in line with the results of  Ref. 33 pointing at a variation of the valence band as an 

additional source of band-gap increase. 

 

3. Conclusions. 

In summary, we have reported a combined experimental and theoretical investigation aimed at 

unraveling the possible electronic structure changes occurring for pristine MAPbI3 and chlorine 

doped MAPbI3-xClx perovskites across the tetragonal-cubic phase transition. Via temperature-

resolved UV-vis absorption of bare films and external-quantum-efficiency measurements in 

efficient solar cells, we have demonstrated that the band-gap does not show sharp variations across 

the tetragonal-cubic phase transition. We have also shown by ab-initio molecular dynamics 

simulations that, within ~10
 
ps time-scale, the material structure agrees very well with the 

tetragonal and cubic symmetry assigned from X-ray diffraction measurements,
19, 20, 44

 while on a 

sub-picosecond time-scale, typical of the electronic processes probed by UV-vis spectroscopy, we 

observe that the high temperature phase is strongly distorted with respect to the cubic symmetry. 

When these instantaneous deviations from the nominal cubic crystalline structure are considered, 

the blue-shift of the band-gap observed experimentally is correctly reproduced by simulations. This 

large structural flexibility in the high temperature phase, not only related to the motions of the 

organic cations but also to fluctuations of the inorganic framework, may explain some literature 

results that criticized the presence of a rigorously cubic structure in the high temperature phase, as 

the presence of residual octahedral rotations in the high temperature phase of MAPbBr3,
46

 the 
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disordered position of the Cl anions
45

 and the presence of a Raman signal at 66 cm
-1

 in the high 

temperature phase of MAPbCl3.
47

 From a technological perspective, these results help to explain the 

lack of an observable abrupt change in photovoltaic device performance above room temperature
23

 

as would be expected to be observable if the light-harvester undergoes a phase transition. This is 

also  further evidence indicating that ferroelectricity contributions to the optoelectronic properties, 

as in traditional inorganic materials,
54-57

 are negligible, since the ferroelectric polarizability is 

expected to change dramatically across the transition between two different crystalline structures. 

On the contrary, this view supports other proposed mechanisms, as the spatial charge localization
50, 

58
 and/or stable band bending effects at the interfaces and grain boundaries,

59
 as the basis of the 

impressive inherent performance of hybrid lead halide perovskites. 
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