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Entropy-driven stabilization of the cubic phase of MaPbI3 at room 

temperature
A. Bonadio1, C. A. Escanhoela Jr1, F. P. Sabino1, G. Sombrio1, V. G. de Paula1, F. F. 

Ferreira, 1 A. Janotti2, G. M. Dalpian1, and J. A. Souza1

1 Universidade Federal do ABC, Santo André, SP, Brazil
2 Department of Materials Science and Engineering, University of Delaware, DE, USA

Methylammonium lead iodide (MAPbI3) is an important light-harvesting 

semiconducting material for solar-cell devices. We investigate the effect of long thermal 

annealing in an inert atmosphere of compacted MAPbI3 perovskite powders. The 

microstructure morphology of the MAPbI3 annealed samples reveals a well-defined grain 

boundary morphology. The voids and neck-connecting grains are observed throughout the 

samples, indicating a well-sintered process due to mass diffusion transfer through the grain 

boundary. The long 40h thermal annealing at T= 522 K (kBT = 45 meV) causes a significant 

shift in the structural phase transition, stabilizing the low-electrical conductivity and high-

efficiency cubic structure at room temperature. The complete disordered orientation of MA 

cations maximizes the entropy of the system, which, in turn, increases the Pb–I–Pb angle close 

to 180º. The MA rotation barrier and entropy analysis determined through DFT calculations 

suggest that the configuration entropy is a function of the annealing time. The disordered 

organic molecules are quenched and become kinetically trapped in the cubic phase down to 

room temperature. We propose a new phase diagram for this important system combining 

different structural phases as a function of temperature with annealing time for MAPbI3. The 

absence of the coexistence of different structural phases, leading to thermal hysteresis, can 

significantly improve the electrical properties of the solar cell devices. Through an entropy-

driven stabilization phenomenon, we offer an alternative path for improving the maintenance, 

toughness, and efficiency of the optoelectronic devices by removing the microstructural stress 

brought by the structural phase transformation within the solar cell working temperature 

range.

Keywords: Perovskites, CH3NH3PbI3, thermal annealing, phase transition, phase diagram.
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1. Introduction

Light-harvesting organic-inorganic hybrid halide perovskites have been attracting 

considerable attention due to their excellent photovoltaic performance. Methylammonium 

(MA) lead iodide (CH3NH3PbI3) has been widely applied as an absorber layer of perovskite-

based solar cells (PSCs) due to its excellent optoelectronic properties such as broad absorption 

spectrum (ranging from the visible light to the near-infrared spectrum) 1, low charge 

recombination rates 2, and high charge carrier mobility 3. These properties can be useful for a 

wide range of technological applications, including photodetectors 4, 5, light-emitting diodes 
6, transistors 7, and photovoltaic devices 8, 9. These beneficial effects, combined with low-cost 

and ease of fabrication, make the organic-inorganic MAPbI3 as promising candidate materials 

for the next generation of optoelectronic devices 10, 11. Indeed, MAPbI3-based solar cells 

display high efficiency to convert solar energy into electricity, with a power conversion 

efficiency (PCE) exceeding 23% 12, with the cubic crystal phase being the most efficient 

structure for this perovskite family 13, 14.

Despite the significant progress on the efficiency of perovskite solar cells (PSCs), one 

of the main drawbacks is the material structural stability 15, 16. MAPbI3 undergoes two 

structural phase transitions, from orthorhombic (Pnma space group) to tetragonal (I4/mcm 

space group) at T = 160 K (-113 °C), and to the cubic crystal structure, with Pm m space 3

group symmetry, at T = 330 K (57 °C)17. It is worth noting that the later tetragonal-to-cubic 

phase transition falls within the typical working temperature range of several devices. For 

instance, in the test protocols for solar-cell applications, the device temperature is higher than 

350 K in order to simulate the real operation conditions; thus, the material switches back and 

forth several times between tetragonal and cubic structures during device operation 18. The 

induced thermal hysteresis caused by this first-order phase transition in this temperature range 

- the organic molecule, lead, and iodide atoms undergo a complex combination of ionic 

movements resulting in breaking and formation of Pb–I bonds - is also a major drawback for 

the useful applications of their optical and electrical properties 19, 20. In this regard, several 

studies have investigated the impact of this structural transformation on the electrical, optical, 

thermal, and dielectric properties and even its influence on the MAPbI3 device performance 
21, 22. Since these devices are exposed to significant temperature changes day-and-night, it is 

important to devise a way to minimize the mismatch between different crystal structures and 

their interface with the surrounding component materials in the device to obtain higher 

efficiency and longer lifetimes 18 23. In this regard, suppression, shifting the phase transition, 
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and stabilizing the cubic phase at room temperature will improve maintenance, durability, and 

efficiency of the device 13. Herein, we investigate the effect of long thermal annealing on 

compacted MAPbI3 perovskites, finding that the long thermal treatment causes a significant 

shift in the structural phase transition, and stabilizes the low electrical conductivity and high-

efficiency cubic phase at room temperature. This cubic structure stabilization is attributed to 

an entropy-driven mechanism, where the complete disordered orientation of MA+ cations 

maximizes the configurational entropy of the system, minimizing its free energy. We then 

propose a new phase diagram combining different structural phases as a function of 

temperature with annealing time for MAPbI3. The entropy-driven stabilization phenomenon 

offers an extra alternative by improving the optical and electrical properties along with 

maintenance, toughness, and efficiency of the optoelectronic devices by removing the 

microstructural stress brought about by the structural phase transformation close to the 

working temperature range.

2. Experimental details and theoretical approach

We have used the solvothermal method to synthesize the hybrid MAPbI3 perovskite. 

In this process, 50 mg of lead iodide were completely dissolved in 1 mL of hydriodic acid (45 

wt% in water), and then 30 mL of isopropyl alcohol (IPA, 99.9%) were added under stirring 

at T = 80 °C. Subsequently, 0.3 mL of methylamine (40% in water) was added dropwise, and 

the final solution was stirred for 1 minute. The black precipitate was collected and washed 

twice, by centrifugation at room temperature – with isopropanol and then dried overnight in 

a desiccator. Compacted perovskite samples (pellets) were prepared by pressing the powder 

at room temperature under a pressure of P = 13 Pa m-2 for t = 10 min. Then, the pellets were 

submitted to thermal annealing by varying the temperature and time in a vacuum-sealed 

ampoule (T = 250 ºC and t = 10, 20, and 40 hours). The structural properties were studied by 

using X-ray powder diffraction (XRPD) in transmission geometry on a STADI-P 

diffractometer (Stoe®, Darmstadt, Germany) with CuKα1 radiation (λ = 1.5406 Å) selected by 

a curved Ge(111) crystal, operating at a tube voltage of 40 kV and a current of 40 mA. A 

silicon microstrip detector – Mythen 1K (Dectris®, Baden, Switzerland) – collected the 

diffracted intensities, in the range from 2º to 100º (2θ), with step sizes of 1.05º and 300 s of 

integration time at each 1.05º room temperature. The Rietveld method 24, implemented in the 

TOPAS-Academic V.6 25 software, was used to refine the structural parameters and peak 

shapes from the XRPD patterns. Morphological studies of the samples were carried out by 
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scanning electron microscopy (SEM) (JEOL JSM-6010LA). To examine the phase transition 

in MAPbI3 microcrystals, differential scanning calorimetry (DSC) was carried out on a Q2000 

calorimeter (TA Instruments). The experiment was conducted at a heating rate of 5 °C min-1 

over a temperature range of 30 ºC to 80 °C under a nitrogen atmosphere using around 5 mg 

of sample for each run. The impact of thermal annealing on the low-temperature phase 

transition was studied by heat capacity measurements in a commercial Physical Properties 

Measurement System (PPMS) from Quantum Design. 

First-principles calculations based on the density functional theory were carried out 

for the different phases of the MAPbI3 crystal. For the exchange and correlation functional, 

we used the Perdew-Burke-Ernzerhof revised for bulk solids systems (PBESol) 26, as 

implemented in the Vienna ab-initio simulation package (VASP) 27,28. The interaction 

between the ionic cores and valence electrons was treated using the projected augmented 

waves (PAW) method was employed 29,30. In this method we considered the following 

valence electrons: H (1s1), N (2s2 2p3), O (2s2 2p4), I (5s2 5p5), Pb (6s2 6p2). We used 600 eV 

for the plane waves cutoff to optimize the cell shape and volume, minimizing the stress tensor, 

within a force convergence criterion of 10 meV/Å in each atom. For the Brillouin zone 

integration, we employ a mesh of 4x4x4 for the cubic primitive cell of halide perovskites and 

the same density for the tetragonal and the supercell configurations. The barrier for the MA+ 

rotation was calculated based on a cubic 2x2x2 supercell, containing eight MA+ molecules. 

This system was relaxed to obtain the most stable configuration and the atomic position of 

each atom. Using this atomic setup as a reference, we applied the rotation matrix in only one 

MA+ molecule, assuming the geometric center as the rotation point. All I and Pb atoms were 

allowed to relax, while only H atoms of the rotated molecule were free to move. All the non-

rotated molecules were kept frozen, as well as the distance between C-N of the rotated 

molecule. Under this approach, we assume that the molecule rotations are completely 

decorrelated, which is different from many reports in the literature 31,32. In those previous 

reports, only the primitive cell was considered, and therefore all the movements of the MA 

molecules were considered completely correlated. 
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3. Results and Discussion

The MAPbI3 perovskite black powder was synthesized by using the solvothermal 

method. The powder was dried and then the crystal structure was identified by room 

temperature XRD measurements, as shown in Fig. S1 in the Supplemental Materials. The 

Bragg reflections were indexed as the tetragonal phase I4/mcm space group of MAPbI3 (COD 

ID 4124388) 33. The refined unit-cell parameters, a = b = 8.850(1) Å and c = 12.637(2) Å - 

are in good agreement with data reported in the literature 34. The perovskite particles self-

assembled into a cuboid-like morphology, which strongly depends on the reacting 

temperature 35. The particles have a high size dispersity, and the average size of the cube edges 

is around 7.2(2) µm, as shown in the inset of Fig. S1. Subsequently, the cuboid-like shape 

powders were compacted by using hydrostatic pressure, which resulted in a high-density 

pellet with well-defined grain boundary morphology. The pressure brings about a process that 

deforms and compresses the polyhedral particles, resulting in a reduction of the particle size. 

The fractured surface image reveals a grain size of ∼5 μm and a very-low porosity degree, as 

shown in the Figs. S2-S6.

Interestingly, the perovskite particles have high viscosity, which results in the plastic 

deformation of the cuboids. In other words, the plasticity property of hybrid materials is 

observed when cuboid-shape MAPbI3 undergoes non-reversible deformation into a well-

defined irregular grain morphology. As we shall see, the methylammonium molecules of the 

formed complexes might be contributing not only to this high viscosity characteristics but 

also to the formation of voids. After that, the pelletized samples were submitted to a long-

time sintering process by performing a thermal treatment at TA = 250 ºC (523 K). These 

sintering and densification processes have been performed during different annealing times 

tA = 0, 10, 20, and 40 h in vacuum ampoules. After these long annealing times, one can see 

small segregation of a yellow powder, suggesting the presence of the well-known PbI2 phase, 

which can be easily removed from the outer surface of the pellets. Figure 2 shows the scanning 

electron micrographs of the fractured surface of these sintered samples at tA = 0, 10, 20, and 

40 h that have been named as S0h, S10h, S20h, and S40h, respectively. The microstructure 

morphology of the MAPbI3 annealed samples reveals an interesting evolution. All samples 

have a well-defined grain boundary morphology, but the porosity and formation of voids have 

increased as the annealing time increases. The growth of voids indicates the microstructure 

has been modified due to mass diffusion transfer through the grain boundary. The average 

grain size has also increased with time, reaching a maximum value of ~12 μm. Indeed, voids 
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and neck-connecting grains are observed throughout the samples S10h, S20h, and S40h, 

indicating a well-sintered process. The creation of voids and mass diffusion entities have been 

observed during the formation and evaporation of sub-products due to the extended annealing 

process. Regarding these chemical species, as we shall see in Rietveld refinements, we have 

observed the presence of not only the yellow PbI2 phase in the as-compacted sample but also 

traces of NH4PbI3 as a solid decomposition product after annealing. On the basis of our results 

and observations reported in the literature 36, 37, small segregation of PbI2 and the appearance 

of voids is due to the thermal decomposition processes of the pelletized MAPbI3 perovskite 

involving CH3NH2, CH3I, and NH3 vapor.

Figure 1 – EDS spectrum and elemental map analysis obtained from a fractured surface of 

S40h sample.
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The energy dispersive spectroscopy (EDS) analysis of the S40h annealed sample 

displayed in Fig. 1 (S0h is shown in SM) shows the presence of Carbon, Nitrogen, Oxygen, 

Lead and Iodide. The EDS map analysis indicates that all the elements (C, N, Pb and I) are 

well distributed in the samples. From these results, we can also determine the ratio of Pb and 

I atoms in the molecular formula to be 1Pb:3I for both S0H and S40h annealed samples 

indicating that the stoichiometry has not changed. A possible crystal structure change of the 

powdered MAPbI3 pellets after prolonged annealing was also investigated by ex-situ X-ray 

powder diffraction. Figure 2 shows the Bragg peaks for different annealing times. It is 

observed a reduction of the splitting between three different pairs of planes of the tetragonal 

structure into a single one, which indicates ionic movement and symmetry increasing. Indeed, 

atomic displacements are manifested by the shift of the (002) and (110) planes, which merge 

into the (100) plane, suggesting the appearance of the cubic phase. The splitting of the (004) 

and (220) Bragg reflections in the tetragonal phase is also derived from the cubic (200) 

reflection. It is worth mentioning that MAPbI3 undergoes a well-known structural phase 

transition around T = 333 K (60 °C), but, here, due to prolonged thermal annealing, we 

observe the cubic phase at room temperature. Indeed, the influence of distinct thermal 

annealing processes on the physical properties of MAPbI3 halide perovskite under several 

conditions has been recently reported in the literature 35 38. These processes can influence the 

microstructure, morphology, and also the performance of MAPbI3-based solar cells. For 

instance, the annealing process for temperatures around T = 100 ºC for 5 min has shown that 

it is possible to increase the energy efficiency of the compound due to excitons longer lifetime. 

Another interesting result regarding the thermal annealing process of MAPbI3 consists of its 

impact on morphology and final composition under vacuum conditions 39. More recently 38, 

the impact of the annealing process on crystallinity and surface roughness was investigated 

under different conditions, and an optimized result was obtained at 90 °C annealing 

temperature. Before performing a careful analysis of the crystal structure, we looked for 

possible shifting or suppression of the structural phase transition due to prolonged thermal 

annealing effects.
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Figure 2 – Room-temperature X-ray diffraction patterns of the pelletized MAPbI3 sample after 
being submitted to a heat treatment at T = 250 ºC for different annealing times, t= 0, 10, 20, 
and 40 h. 

DSC analysis was carried out to confirm the presence of the well-known structural 

phase transition in the thermal annealed MAPbI3 pelletized samples. Figure 3(a) reveals an 

endothermic (exothermic) peak at T = 329 K (T = 327 K), which indicates the presence of the 

reversible tetragonal-to-cubic phase transition 40, 41. Most important here is that Figure 3 

reveals a systematic change of this structural phase transition towards room temperature. The 

tetragonal-to-cubic phase transition temperature is shifted to lower temperatures as the 

annealing time increases until it reaches a minimum value of T* = 293 K for t = 40 h annealed 

sample. The annealing process leads to a phase transition temperature reduction of about ∆T 

= 36 K leading to the stabilization of the cubic phase to slightly below room temperature. The 

nature of this structural phase transition, whether it is continuous or discontinuous, has been 

discussed in the literature. According to Landau’s theory, it was suggested a second-order 

transition 42. On the other hand, other studies reached different conclusions based on different 

experimental results and suggested the first-order transition 43 44. The thermal hysteresis found 

in our data indicates phase coexistence leading to a first-order discontinuous nature of the 

structural transition.xf
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Figure 3 – (a) DSC cycling measurements. The vertical bar indicates the room temperature 

and the hachured region of the solar cell working temperature range. (b) Molar heat capacity 

as a function of temperature of pelletized MAPbI3 annealed at TA = 250 ºC (523 K) for 

different annealing times. 

For completeness, we have also performed heat capacity measurements of these 

MAPbI3 annealed samples to reveal the influence on the low-temperature orthorhombic-to-

tetragonal phase transition. Figure 3(b) shows the impact of the thermal annealing process on 

the temperature of the orthorhombic-to-tetragonal structural phase transition, which takes 

place around T = 160 K 45. The molar heat capacity peak involving latent heat due to the 

structural phase transition is shifted to higher temperatures as the annealing time increases. 

For instance, the structural phase transition temperature for the S40h sample occurs at T = 

172 K, which represents an increment toward room temperature of ∆T = 12 K in comparison 
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to the as-compacted sample. In contrast to the larger variation of the cubic to tetragonal 

transition, here, the MA cations are strongly coupled to the Pb-I framework through hydrogen 

bonds, leading to the orthorhombic distortion of the tetragonal lattice. Therefore, prolonged 

thermal annealing shifts both orthorhombic-to-tetragonal and tetragonal-to-cubic structural 

phase transitions toward room temperature, i.e., in the opposite direction. Before sketching a 

new structural phase diagram for this important compound, we shed light on the nature of the 

stabilization of the cubic structure at room temperature by doing a careful analysis of the 

modified crystal parameters.

Figure 4 – X-ray powder diffraction data and Rietveld refinements at room temperature of the 

(a) MAPbI3 as-compacted sample and (b) submitted to thermal annealing at 250 ˚C for 40 

hours.

Page 10 of 24Journal of Materials Chemistry A



11

Table 1 – The Rietveld-refined structural parameters of MAPbI3 samples with different 
thermal annealing times. The distortion mode amplitude vector, , the refined distortion 𝑅 +

4
parameter, a1, tetragonal lattice parameters a and c, the atomic position of iodide (I2) and lead 
(Pb), the Pb – I2 – Pb bond angle  in degrees, the crystallite size, and the statistical (𝜃𝐼2)
parameters – RBragg refers to reflection intensity-based R factors, Rwp, the weighted profile R-
factor and the goodness of fit (Gof), which is defined by Rwp/Rexp. 

Annealing time
0 10h 20h 40h

Space group I4/mcm I4/mcm I4/mcm I4/mcm
DMA - - 𝑅 +

4  (𝑎,0, 0) 𝑅 +
4  (𝑎,0, 0)

a1 0.572(5) -0.192(6)
a = b (Å) 8.8652(1) 8.8613(1) 8.8663(4) 8.8836(8)

c (Å) 12.6585(2) 12.6195(2) 12.5961(6) 12.5639(5)
I1 (x) 0 0 0 0
I1 (y) 0 0 0 0
I1 (z) 0.25 0.25 0.25 0.25
I2 (x) 0.2844(1) 0.2791(1) 0.2728(2) 0.2423(3)
I2 (y) 0.2156(1) 0.2210(1) 0.7728(2) 0.7423(3)
I2 (z) 0.5 0.5 0 0

Pb (x,y) 0 0 0 0
Pb (z) 0.5 0.5 0 0

BC (Å2) 8(2) 15(2) 16(2) 17(2)
BN (Å2) 8(2) 15(2) 16(2) 17(2)

𝜃𝐼2(Pb ― I2 ― Pb) 164.33(5) 166.78(5) 169.34(7) 176.5(1)
Crystallite Size (nm) 215(3) 204(3) 280(19) 219(5)

[PbI2] (%) 1.3(6) - - -
[NH4PbI3] (%) - 1.0(5) 0.3 4.4(2)

RBragg 4.2 4.3 6.8 3.1
Rwp 8.4 8.8 9.1 7.4
Gof 3.4 1.9 3.3 3.2

Detailed analysis of the crystal structure evolution of the powdered MAPbI3 annealed 

pellets was performed by Rietveld refinement using X-ray powder diffraction data obtained 

at room temperature for the samples with different annealing times. Figure 4 displays high-

intensity reflections indicating good counting statistics for the selected S0h and S40h samples 

(all analyzed samples are in the SM). The refinement for the S0h and S10h samples was 

carried out by using the I4/mcm tetragonal space group symmetry. However, the Rietveld 

refinements of the S20h and S40h samples using the tetragonal or the high-temperature cubic 

phase (or even a coexistence of them) resulted in a poor quality of Rietveld fit and statistical 

Page 11 of 24 Journal of Materials Chemistry A



12

parameters. To overcome this problem and obtain a better description of the crystal structure, 

we examined more closely the rotation of the PbI6 octahedra of the distorted phase. To this 

end, a symmetry-mode decomposition was carried out in ISODISTORT 46, 47 for the S20h 

and S40h samples. With this approach, we could explore the structural distortion modes of 

the samples induced by irreducible representations (irreps) of the parent space-group 

symmetry ( ). Although, in our case, there are six irreps for the special R-point ( ), 𝑃𝑚3𝑚 𝑅 +
4

with the k-point in the reciprocal space k = [½, ½, ½], the cubic-to-tetragonal transition can 

be represented by the  rotational distortion mode amplitude. The  is active in the  𝑅 +
4 𝑅 +

4 𝑃𝑚3𝑚

→ I4/mcm transition and involves a rotation of the octahedra along the c-axis, represented by 

an order-parameter direction (OPD)  (a,0,0) 48 49 50. The order parameter can also be the 𝑅 +
4

rotation angle around a particular axis of the PbI6 octahedra, which is equivalent to the  𝑅 +
4

distortion mode amplitude. The refinement illustrated in Figure 4 shows 1.3 wt% of the extra 

PbI2 impurity phase for the S0h sample while we observed 4.4 wt% of NH4PbI3(H2O)2 phase 

for the S40h sample. All obtained parameters from Rietveld refinement analyses are shown 

in Table 1. 

Figure 5 – Structural parameters of the MAPbI3 samples submitted to thermal annealing at 
250 ˚C (523 K) and different annealing time. (a) the Pb-I-Pb bond angle changing to almost 
180o; insets illustrate rotation of PbI6 octahedra along the c-axis. (b) pseudocubic lattice 
parameters and (c) variation of lattice parameter ratio, , which reaches 1 for 40h 𝑐𝑝𝑠/𝑎𝑝𝑠
annealing time.

Page 12 of 24Journal of Materials Chemistry A



13

The refined lattice parameters and their evolution with annealing times are illustrated 

in Figure 5. The lattice parameters of the tetragonal phase can be treated as a pseudocubic 

phase with  and  representations (Figure 5(b)). To evidence the structural 𝑎𝑝𝑠 =
𝑎𝑡𝑒𝑡𝑟𝑎

2 𝑐𝑝𝑠 =
𝑐𝑡𝑒𝑡𝑟𝑎

2

evolution of the compacted MAPbI3 sample to an almost cubic phase, the values of the 

parameters aps and cps became closer. Also, the decreasing of cps/aps (Figure 5(c)) indicates 

that the crystalline structure changes to the high symmetry with the increasing of time 

annealing. The long annealing time promotes the octahedral tilting for a high symmetry 

perovskite structure since the temperature is kept constant for all samples (see Figure 5(a)), 

allowing the increase of the Pb–I–Pb angle from 164.3º to 176.5º, leading the structure to the 

cubic phase. This change in the Pb–I–Pb angle is consistent with previous reports found in 

the literature 48, 49. Thus, as the annealing time increases, the NH-I interaction becomes 

weaker, resulting in an increasingly free motion of the MA+ cation, which is rotationally 

disordered in the ab plane, as reported in the literature 51. Also, this free motion of the MA+ 

cation can be directly related to the atomic displacement parameter (B), which increases 

significantly as the annealing time increases, as shown in Table 1. The high B values indicate 

a high disorder of the MA+ cations. Consequently, the annealing time can tune the MAPbI3 

structure between the tetragonal and the cubic phase, an important parameter to improve the 

photovoltaic performance of this material. The tetragonal to the cubic phase transition of 

MAPbI3 crystals occurs due to the relative rotations of neighboring layers of PbI6 octahedra 

along the c-axis. The low symmetry and order-disorder of the organic cation tilt the PbI6 

octahedron, stimulating the structural phase transition. On the other hand, it is interesting that 

the tetragonal and cubic phases were observed to coexist at room temperature as a spontaneous 

phenomenon 52. The superlattices composed of a mixture of tetragonal and cubic phases are 

self-organized without a compositional change.

Turning back to the stabilization of the high symmetry cubic phase at room 

temperature, we propose a new phase diagram of MAPbI3 combining different structural 

phases and thermal annealing. It is important to emphasize that the crystal structure strongly 

influences the density of states, leading to different electrical conductivity mechanisms. The 

electrical resistivity in the tetragonal phase has a strong influence on the charge carrier 

scattering due to the misalignment of the crystal lattice between neighboring grains. The 

mismatch at the grain boundaries is reduced significantly in the cubic phase, which is assigned 

to the isotropic nature of the crystalline structure 53. Consequently, the electrical resistivity 

decreases drastically in the cubic phase which improves the transport of charge carriers. To 
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confirm this, we have measured the electric resistivity of all synthesized samples. The values 

are   4, 0.1, 0.07, and 0.04 Mcm for S0, S10, S20, and S40, respectively. Also, the long 

thermal treatment also leads to large perovskite grains and, thus, low recombination rates 54. 

Figure 6 shows a new phase diagram, based on the experimental results of this work, 

indicating the evolution of the structural phase transitions as a function of annealing time. We 

also illustrate the room temperature position and the working temperature range for solar cells. 

It is straightforward that the temperature range for the stability of the tetragonal phase 

decreases as the annealing time increases. These surprising results suggest the use of the 

annealing process as a tool to control the MAPbI3 perovskite phase diagram. The shift of the 

tetragonal-to-cubic phase transition to room temperature due to thermal annealing is desirable 

to practical applications of solar cells. The suppression of the structural phase transition down 

to below room temperature is very important for power conversion efficiency and thermal 

stability - large carrier trap densities were observed through the transition at high operating 

temperatures which are detrimental to long-term stability 55. Our prolonged thermal annealing 

could effectively avoid the formation of phase-transition-induced carrier traps because of the 

suppression of the phase transition. The passivation of deep defect and suppression of trap 

densities either using ideal carrier transport layers or optimizing the fabrication route, is also 

vital to improving the device parameters approaching the theoretical limit. In this case, our 

thermal annealing can play the same role 56.

The effects of thermal annealing on the temperature of the orthorhombic-to-tetragonal 

structural phase transition, which typically takes place around T = 160 K, shifts to T = 172 K 

(for the S40h sample) as the annealing time increases, representing an increase of ∆T = 12 K. 

This is in the opposite direction and much smaller than the shit from the tetragonal-to-cubic 

transition, which is ∆T= –40 K. This might be indicative of the different nature of these shifts. 

It is important to mention that at lower temperatures, the MA cations are ordered strongly 

coupled to the Pb-I framework through hydrogen bonds leading to the orthorhombic distortion 

of the tetragonal lattice. In this case, the effect of the thermal annealing is expected to be 

reduced. There are two possible explanations for the different nature of both shifts: i) the 

entropy of the tetragonal phase decreases with annealing time; ii) the internal energy of 

tetragonal phase increases with annealing time. The first option is not possible, since the 

annealing time is supposed to increase the random distribution of MA molecules, and 

therefore, the entropy.  The second option could be the main source of the transition 

(orthorhombic-to-tetragonal) shift towards higher energy with annealing. The heating during 

the annealing process increases the random distribution of MA molecules in cubic phase. 
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However, when the temperature is cooled down and the transition from cubic-to-tetragonal 

phase occurs, the configuration of MA molecules could be different and leads to a different 

internal energy of tetragonal phase as we shall see. This behavior would increase the relatively 

stability of tetragonal phase when compared to the orthorhombic, and the tetragonal-to-

orthorhombic transition is shifted toward higher energy. The internal energy also changes in 

the cubic system when the temperature increases, however, the variation in the entropy is 

larger and suppress this variation. When the system changes from tetragonal-to-cubic, the 

entropy increase due to two sources, the variational and the vibrational entropy. On the other 

hand, the vibrational entropy in tetragonal and orthorhombic are very similar 57, 58, which 

could not give the energy enough to suppress the enhancement in the internal energy.

Figure 6 – Phase diagram proposed for the MAPbI3 halide perovskite taking into account the 

observed shift in the phase transition temperature with different annealing conditions. The 

horizontal bar corresponds to room temperature, and the hachured region indicates the solar 

cell working temperature range.

The orientation of the MA+ cations plays an essential role in the MAPbI3 structure as 

a function of temperature, involving interaction between the NH3 groups and the framework 
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iodide/lead atoms. At high temperatures, the thermal motion of the cation increases, and the 

NH-I interactions weaken. At the cubic phase boundary, the MA cations become rotationally 

disordered in the ab plane, contributing to the decrease in the c/a ratio, and an increase of the 

Pb–I–Pb angle takes place as shown in Figure 5. In this case, the organic cations and their 

order-disorder transitions are coupled with tilts of the PbI6 octahedra. As a consequence, this 

isotropic rotation acts as a driving force for the deformation of the PbI3 frameworks. 

Top layer

Botton layer

Configuration of MA
dipole moment 

ψ

φ

θ

Z

YX

Angle configuration of MA

Figure 7 – The left panel indicates the rotational angle configuration of the MA molecule (N, 

C and H are represented by blue, brown, and pink spheres, respectively) in one cage of Pb 

(gray spheres) and I (purple spheres).  and  represent the angles with respect to the X and 

Z direction, while  is the rotation around the axis that pass through the C-N bond. The 

geometric center of MA molecule was considered as the rotation point, which does not change 

for any rotation operation. The right panel indicates the initial (non-relaxed) configuration for 

the most stable dipole orientation for the MA molecule. The black arrow showed the system 

allowed to relax, while the gray arrows were considered fixed. 

Using density functional theory, we calculated the energy barrier for the rotation of 

MA+ molecule. Different from the previous results in the literature 31,32, 57, 58, 59, the 

movements of the molecules were considered to be completely decorrelated, i. e., the 

molecules were assumed to move independently of each other. To construct this system, we 

minimize the stress tensor and the forces in the primitive cubic perovskite cell, obtain a lattice 

parameter of 6.28 Å, which is in good agreement with our experimental results. Using the 

lattice parameter of this primitive cell, we construct a 2x2x2 supercell (containing 8 MA+ 
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molecules), and rearrange the MA+ molecules according to the most stable dipole orientation 

obtained previously by J. Li et al.60  and shown in the right panel of Fig 7. The he 2x2x2 

supercell forces were minimized resulting in the configuration where only one molecule was 

allowed to rotate. In this molecule, the original C-N bond length was kept fixed, and the 

geometrical center of the MA molecule was used as the invariant rotational point as shown in 

Fig 7. All the Pb and I atoms in the 2x2x2 supercell were allowed to relax, while only the H 

atoms in the rotated molecule were allowed to relax. The angles  () varies between 0º and 

360º (0º and 180º) with an interval of 45º, while the  angle varies between 0º and 120º with 

an interval of 30º, resulting in a total of 128 different calculations. 

The maximum energy barrier that we found is 276 meV to rotate the molecule by  = 

180º from the original position  = 28º,  = 91º and  = 0º, which correspond to a complete 

inversion of the dipole moment. This energy is higher than those found in the literature, which 

vary between 20 to 100 meV 31,32, 57, 58, 59. This large difference can be attributed to the 

correlated movement of the MA+ molecules in previous works. The calculations in the 

literature use only the cubic primitive perovskite cell to calculate the energy barrier, i. e., all 

the neighboring MA+ molecules rotate together, in a perfectly correlated motion. This does 

not represent real systems at high temperatures, as obtained by our annealing experiments. 

When the movements are completely correlated, the PbI6 octahedra deform according to the 

MA+ dipole moment. The bond length between NH-I is shorter than the CH-I, resulting in 

ferroelectric distortion in the octahedra, which leads to large energy gain. In our assumption 

of completely decorrelated motion, the ferroelectric deformation is also observed, but with a 

small intensity because of the constrain that freezes all the remaining molecules in the system. 

Therefore, from the experimental perspective, we expect that the actual rotation barrier, 

considering the results shown in the literature and our results, is between 20-276 meV. The 

correlated motion of the molecules should have a lower barrier, while the uncorrelated motion 

should have a higher barrier.

Based on the results for the MA+ rotation energy barrier and the associated entropy, 

we are able to explain the change in the phase diagram of Fig 6. The second law of 

thermodynamics implies that the transition between two different phases can be understood 

by the variation of the Gibbs free energy ΔG = ΔU – TS, which comprises the changes in the 

internal energy (ΔU) and entropy (S) of the system 61. The internal energy at T = 0K for the 

tetragonal and cubic phase can be obtained from DFT calculations and it is shown in the 

schematic Fig 8. As expected, the tetragonal phase is more stable than the cubic by 87 
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meV/f.u. However, as the temperature increases, the contribution of the TS term to the Gibbs 

free energy increases. Note that the entropy has two different sources: the vibrational and the 

configuration entropy 57, 58, 59. The vibrational entropy is determined basically by the phonons 

density of states. However, the similarity between the phonon modes in the tetragonal, and 

cubic phases in several hybrid perovskites gives only a small variation of Gibbs free energy, 

and it is not enough to explain the phase transition between these two phases 57,58,59. In this 

case, to correct this issue, we have also to consider the configuration entropy in the system. 

Figure 8 – Schematic of the Gibbs free energy as a function of temperature. At T = 0 K, the 

energies correspond to the internal energy of each system and were computed within the DFT 

approach and used the cubic system as a reference. As the temperature increases, the 

configuration entropy is responsible for different phase transition temperatures from 

tetragonal to cubic, indicated by 293 and 349 K. The configurational entropy is larger for the 

sample that was annealed for 40h.

From the Boltzmann’s expression for the entropy, we can determine the 

configurational entropy by the expression: S = kBln (Ω), where kB is the Boltzmann constant, 

and Ω is the total number of states that are accessible to the system. The number of accessible 

states is a measure for the “disorder”, i.e., the higher the disorder, the higher the entropy. This 

interpretation of entropy suggests that a phase transition from a disordered to a more ordered 

phase can only take place if the loss in entropy is compensated by the decrease in internal 

energy. According to the calculated rotational energy barrier and the values reported in the 
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literature, the annealing in high temperature results in kBT = 45 meV at 523 K, and can be 

associated with the generation of different numbers of accessible states (Ω) with respect to 

the time. The long period of sample exposition to high temperatures in the annealing process 

can randomly distribute the MA+ molecules and break the more “ordered” configuration of 

MA+ molecules of tetragonal phase 49. As the temperature decreases, the crystal becomes 

kinetically trapped entirely in the cubic phase, keeping a high configuration entropy. In this 

case, the completely disordered orientation of the MA+ cations maximizes the entropy of the 

system, stabilizing the cubic phase. In other words, we are assuming that the configuration 

entropy is not a constant as function of the annealing time, as assumed in previous reports in 

the literature 57, 58, 5962. This model can successfully explain why the transition temperature 

changes with annealing time and the stabilization of the cubic structure of MAPbI3 at lower 

temperatures.

4. Conclusions

We have investigated the effect of long thermal annealing in vacuum-ampoule on the 

compacted MAPbI3 perovskite powder. The microstructure morphology of the MAPbI3 

annealed samples reveals exciting evolution. All the samples have a well-defined grain 

boundary morphology. The voids and neck-connecting grains are observed throughout the 

samples indicating a well-sintered process due to mass diffusion transfer through the grain 

boundary, probably caused by the evaporation of sub-products due to the extended annealing 

process. X-ray powder diffraction data reveal that the high-temperature cubic phase is 

established at room temperature. The refined lattice parameters indicate a symmetry increase 

as the thermal annealing increases brought about by simultaneously increase in both the c/a 

ratio and the Pb–I–Pb bond angle from ~ 164º close to 180º. The organic cations and their 

order-disorder transitions are coupled with tilts of the PbI6 octahedra. We propose a new phase 

diagram of MAPbI3 combining different structural phases and thermal annealing. Most 

importantly, the low electrical conductivity and high-efficiency cubic phase have been 

stabilized at room temperature instead of taking place above T = 60 ºC. It is important to 

emphasize that the crystal structure strongly influences the electrical conductivity, leading to 

a different charge transport mechanism. Through DFT calculation of the MA rotation barrier 

and entropy analysis, we suggest that the configuration entropy is a function of the annealing 

time. The high configurational entropy disordered organic molecules of the system are 

quenched due to thermal annealing at high temperatures; then, the system becomes kinetically 
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trapped completely in the cubic phase down to room temperature Therefore, the complete 

disordered orientation of the MA cations maximizes the entropy of the system, stabilizing the 

cubic phase – an entropy-driven stabilization phenomenon. The vanishing of the structural 

phase transition (and its coexistence of different phases), which leads to thermal hysteresis 

close to the working temperature range, can significantly improve the optical and electrical 

properties of the solar cell devices. Therefore, the absence of the microstructural stress 

brought about by the phase transformation may give an extra alternative for improving the 

maintenance, toughness, and efficiency of the optoelectronic devices.
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