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Abstract 

Multi-cation and multi-anion hybrid perovskites are one of the most attractive materials currently 

under investigation for tandem photovoltaic application because of the possibility they offer to finely 

tune the band gap, thus allowing the coupling with other semiconductors. If mixing different ions in 

the perovskite compositions could, on one side, give the possibility to create different useful materials 

with different properties, on the other side it could be detrimental to the hybrid perovskite stability. 

The presence of different ions leads to the formation of different polytypes that could open new 

pathways for the degradation of the prepared films.  In this work, we have investigated the role of 

different polytypes on the degradation and stability of mixed hybrid perovskites by in situ X-ray 



diffraction analyses. We found that the use of even a small amount of methylammonium cations opens 

a new route for the degradation of the perovskite film triggering a more advanced degradation beyond 

the loss of the methylammonium cations. By in-situ analyses during focused thermal treatments, we 

unveil an interplay between the different polytypes triggered by temperature. In particular, we show 

how the 4H-polytype of the formamidinium lead iodide (FAPbI3) is recovered with an annealing at 

100°C in N2 that restores the 3C-polytype. We propose the use of 1,3:2,4-bis-O-(4-

methylbenzylidene) D-sorbitol (MDBS) additive as a remedy to increase the stability of the 

perovskite film even in presence of the methylammonium cation by making the perovskite films more 

compact thus reducing the surface/volume ratio. 

 

Introduction 

Hybrid perovskites have attracted the scientific community’s attention in the photovoltaic 

field since their first publication on methylammonium lead iodide (MAPbI3) as dye material by 

Kojima et al.1 Unfortunately, the lack of stability of MAPbI3 in humid air ambient2,3,4 has 

progressively discouraged his industrial development. To overcome this issue, researchers has 

focused their interest on using different cations like formamidinium,5,6 inorganic cations7 or mixed 

composition8-11 perovskites to boost the stability. Despite a considerable efficiency record reached 

(25.7%)12 using a FAPbI3-based perovskite with the addition of organic anions, the lack of long-term 

stability, especially if compared with silicon photovoltaic cells, even with these compositions is still 

an open issue. In the last years, the possibility to use perovskite solar cells in combination with silicon 

solar cells in tandem configurations has opened new possibilities for perovskite solar cells 

commercialization. With this perspective, the use of a mixed composition for perovskite films is 

necessary to achieve the right band gap for coupling the top perovskite with the bottom silicon solar 

cells. In particular, the presence of different halides with a specific ratio is the most used strategy to 



modify the band gap13,14 to have the ideal value of 1.76 eV.15-17 The drawback that this strategy carries 

is to cause the formation of multiple polytypes during the film preparation, and those can face the 

possibility of segregation of different phases despite the uniformity.18 Different research groups have 

investigated the structural properties and the different phases formed using various compositions,19-

22 and it was found that the presence of mixed cations and anions often leads to the formation of new 

polytypes. Gratia et al.23 showed that in addition to the already known 3C-3R cubic phase, where the 

octahedra are corner shared, and 2H -hexagonal one, where the octahedra are face shared, two others 

mixed polytypes are formed at different I/Br ratio. 6H and 4H polytypes can be obtained when using 

different cations and anions stoichiometry and could lead to different crystal arrangements where the 

octahedra are both corners shared and face shared alternately with a different stacking sequence. Even 

if some studies have been done on the formation of these polytypes as intermediates during the film 

preparation, they can also be present in the film as segregated phases at the end, including some all-

inorganic phases whose role in the final film stability is still unclear. Another strategy to stabilize 

mixed perovskite is to use an organic molecule as an additive during the film preparation. McMeekin 

et al.24 showed that the use of hydrohalic acids in the precursor solution can enable a control over the 

crystal quality and morphology of the perovskite thin film by acting on the dissolution of the lead 

polyhalide colloids, a phenomenon that appears to be directly correlated to the nucleation sites in the 

as-cast thin films. Xu et al.25 showed that trace-doping of 3,3-diphenylpropylammonium (DPPA) 

cations can greatly enhance the stability of FASnI3 perovskites by suppressing the oxidation of Sn2+ 

to Sn4+.  

In this work, we have investigated the role of segregated phases on mixed cation/mixed anion 

perovskite film stability. The perovskite films were stress-tested at a relatively high temperature under 

a N2 environment by applying a stepwise protocol and analyzed at room temperature after each 

thermal step by X-ray diffraction. The mixed perovskites with the formula (Cs0.22FA0.78)Pb(I0.9Br0.1)3, 

hereinafter called CsFAPbIBr, with the addition of 3% of MAPbCl3 and with the further addition of 

the 1,3:2,4-bis-O-(4-methylbenzylidene) D-sorbitol (MDBS) as additive were tested. The MAPbCl3 



addition served to increase the band gap of the issued perovskite film to match the best value for 

coupling with silicon solar cells. The results showed that introducing MA+ cations decrease the 

stability of the perovskite film that is, on the other hand, beneficially recovered with the further 

addition of MDBS. 

 

Materials and Methods 

The Cs0.22FA0.78Pb(I0.85Br0.15)3 stoichiometry is formulated by mixing CsI, FAI, PbI2 and 

PbBr2, in a DMF:DMSO (9:1/v:v) solvent mixture. Regarding the interplay between layer thickness 

and surface roughness, a 1.2M final concentration has been chosen. The triple-cation (Cs/FA/MA) 

triple-halide (I/Br/Cl) perovskite includes pristine CsFA perovskite with additional 3 mol% 

MAPbCl3 In particular, MAPbCl3 precursor solution is formulated by mixing MACl and PbCl2 with 

molar ratio equals to 1:1 in a DMF:DMSO (1.1:1/v:v) solvent mixture to ensure a good solubility of 

precursor solution with a final molarity of 0.9 mmol/mL. Both solutions were prepared separately 

and stirred overnight at room temperature until complete dissolution before their use. The deposition 

of CsFA thin films follows the published recipe by M. D. McGehee’s research group.26 The mixed 

cation Cs22FABr15-Cl3% is poured into a vial containing a well-defined weighed amount of MDBS, 

corresponding to the 0.1 wt% relative to the weight of the precursor formulation (i.e. 0.6 mg of gelator 

additive per mL precursor solution). By heating this mixture to 125 °C while stirring, a clear solution 

was obtained in a few minutes. The perovskite films were spin-coated inside an N2 filled-glovebox. 

45 μL per substrate of perovskite precursor solution was deposited via antisolvent engineering 

approach using toluene as a dripping solvent during spin-coating. XRD patterns were collected by 

using a D8Discoved (Bruker AXS) diffractometer equipped with a high-resolution goniometer 

(0.0001 Å), with a Cu-Ka source. An Anton Paar heating stage (dome) was used for in-situ 

experiments equipped with a polyether ether ketone dome to keep the samples at controlled 

temperatures in controlled atmospheres. In situ XRD analyses were performed in N2, which was used 



to fill the dome.  The acquisition time was 2 s per step with step size of 0.02°. The samples were 

heated at 80°C for 30 minutes and then cooled down to 30°C, a controlled temperature that is used to 

acquire XRD patterns for 180 minutes. After that, the samples were heated again at 80°C and back to 

30°C, with the cycle repeated 26 times. Then the stepped temperature was changed to 100°C for 13 

cycles and for the last 6 cycles the temperature used was 120°C. After the sample is raised up to a 

temperature and cooled back, the alignment procedure is repeated to consider the thermal expansion 

of the sample and of the silver paste used to increase the heating exchange with the sample holder. 

The density functional theory was used for calculations of the formation energy of APbX3 lead halide 

perovskites (A=Cs,MA,FA; X=I,Br) with respect to their precursors (AX+PbX2) at a temperature of 

0 K.  We used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional27  along with 

scalar relativistic ultra-soft pseudopotentials28. Pb-5d semicore electrons were dynamically treated in 

the same way as valence electrons. Convergence was achieved with a plane-wave cutoff kinetic 

energy of 46 Ry and an augmented charge density cutoff of 360 Ry for the hybrid structures, whereas 

for the fully inorganic systems the respective values were 49 Ry and 258 Ry. The formation energies 

of the low temperature 𝛾 perovskite phases were computed with respect to their precursors as 

𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐸𝐴𝑃𝑏𝑋3 − 𝐸𝐴𝑋 − 𝐸𝑃𝑏𝑋2, where E is the ground state energy calculated on unit cells. Both 

atomic positions and lattice parameters were allowed to relax with a force minimization criterion of 

1.0D-4 au. Calculations were performed with the Quantum Espresso code.29 

 

 

Results and discussion 

All the samples were firstly characterized as prepared without any thermal treatment to assess 

their initial state. We want to point out that we applied the same preparation procedure without the 

specific refinement of the single case, such to have all samples aligned to the same preparation recipe. 

The XRD patterns collected on the as-deposited samples are shown in figure 1. 



  

Figure 1 . XRD patterns collected on fresh samples with different compositions.  

We have focused our attention on the angular region between 8° and 16° since the major changes 

during the thermal treatment were highlighted in that region and so we were able to extract significant 

insights into the structural modification inside the films. For all the samples we observe the presence 

of a peak 214° related to the cubic perovskite phase. A difference in the peak position is found in 

the three samples. The peak related to the perovskite phase in the CsFAPbIBr, sample without 

additives, is centered at 2=13.94°, at lower angles if compared with the classic MAPbI3 perovskite, 

due to the bigger size of FA+ with respect MA+. On the other hand, the films prepared with the 

MAPbCl3 additives have the peak centered at 2=14.00° and 2=13.99°, without and with MDBS 

respectively. The higher diffraction angles are attributed to the smaller size of MA+ with respect FA+, 

and Cl- with respect I- and Br-. The shift is attributed to the MA+ cations. The presence of the MDBS 

additive does not significantly affect the peak position, suggesting that the molecule does not enter 

inside the lattice as expected. Its large size, instead, would lead to a shift towards lower angles. 

Moreover, the film prepared with the addition of MAPbCl3 shows a lower intensity of the perovskite 

phase peak. We speculate that a low crystalline phase was formed during the preparation of this film, 

and, on the counterpart, a higher amount of amorphous phase was formed. Regarding the rest of the 



pattern, the as-prepared samples have slightly different features. The reference sample without 

additives shows a peak at 2=9.8° denoting the presence of a -CsPbI3 phase in the layer. After the 

addition of MAPbCl3 and MDBS this component can be neglected. A peak centered at 2=12.67° is 

visible for all the samples analyzed showing a low amount of PbI2 in all the samples. The peak 

intensities are comparable for the samples prepared with MAPbCl3 and MDBS while the intensity is 

very low in the sample without any additives suggesting a role of the MA+ and Cl-. Two other peaks 

are found in the samples with MAPbCl3 and MDBS at 2=11.55° and 2=12.98° related to the 

formation of a 4H polytype. The formation of this polytype is ascribed to the presence of the MA+ 

cations and Br-, as demonstrated by Hoang et al.19 and explained by Cordero et al.30 The presence of 

smaller ions inside the lattice reduces the distance between the atoms, thus increasing the electron 

repulsion of the adjacent Pb2+ cation. To avoid this electrostatic repulsion a more convenient 

arrangement of the octahedra leads to the formation of the 4H polytype. 

After the assessment of the initial state of the three different samples, the thermal stress test was done 

on samples following the protocol in figure 2 to verify the influence of the MAPbCl3 and MDBS on 

the sample’s stability. The thermal stress test was performed in N2 ambient for all the samples.  We 

want to point out that all the measurements were done at 30°C such that differences are related to 

stoichiometry or stress inside the film.   



 

Figure 2 Scheme of the protocol for thermal cycles performed on samples. Each thermal cycle was composed of an annealing step for 

30 minutes and a subsequent cooling back to 30°C to collect a complete XRD pattern (180 minutes acquisition). Comparative analyses 

at 30°C are not affected by thermal expansion. Every single step was in-series repeated: 26 times up to 80°C, 13 times up to 100°C 

and 6 times up to 120°C 

The CsFAPbIBr sample after the thermal stress test shows a slight increase of the intensity at 

2=12.67° due to the formation of the PbI2 phase (Figure 3a). The -CsPbI3 was stable and no changes 

on the peak at 2=9.8° were detected showing the very good stability of this phase: once formed this 

phase is indeed difficult to degrade or modify. Therefore, special attention must be put into film 

preparation to avoid the presence of this phase. The peak related to the perovskite phase, positioned 

at 14°, shows a shift from 2=13.98° to 2=14.01° at the end of the thermal stress. This shift is 

shown in figure 3b and is related to the decreasing of the I- amount with respect to the Br- due to the 

PbI2 formation that causes a change in the stoichiometry ratio between the I- and Br- anions in the 

perovskite film. Being bromide anions smaller than iodide anions, causes a shrinkage in the inorganic 

cage and indeed a shift toward higher diffraction angles. It is also noted that the decrease of the area 

of the peak at 14° related to a little loss of the perovskite amount due to the PbI2 (Figure 3c) is less 

than 5% (Figure 3d), denoting a very good stability of the film even after the treatment at 120°C. 

 



 

Figure 3 XRD pattern collected on CsFAPbIBr sample (a). Position evolution of the diagnostic peak related to the 3C-phase of the 

CsFAPbIBr film (b), Net Area evolution of the PbI2 related peak (c) and Net Area of the 3C-phase of the CsFAPbIBr diagnostic peak 

during the thermal stress treatment. 

In a different way, the thermal stress performed on the sample with the addition of the MAPbCl3 leads 

to a conspicuous formation of PbI2 as shown by the considerable increase of the peak centered at 

2=12.67° (Figure 4a). The XRD analyses performed on this sample suggest that the 4H polytype of 

the CsFAPbIBr+MAPbCl3 phase is converted into the 3C polytype during the thermal annealing, as 

evidenced by the disappearance of peaks  at 2=11.55° and 2=12.98°. Moreover, even with the 

higher PbI2 amount formed at the end of the stress test with respect to the sample without MAPbCl3, 

the area of the peak at 14° is higher with respect to the as-received sample. In this case, the decrease 

of the peak intensity at 214° due to the degradation of the film and the PbI2 formation is 

counterbalanced by the increase of the intensity of the peak due to the 3C-polytype formation from 

the 4H-polytype (Figure 4b). The 3C-polytype is thermodynamically stable at higher temperatures 



with respect to the 4H-polytype so the stress test, made in the range 80-120°C, leads to the phase 

transition between the two polytypes. The contemporary decrease of the 3C polytype, due to the 

degradation to PbI2, and increase, due to the 4H transition towards the 3C polytype, make it difficult 

to understand the amount of degradation of the film just from the decreasing of the peak at 214° as 

made for CsFAPbIBr film. It is worthy of note that the kinetics of these two reactions, i.e. the PbI2 

formation and the 3C polytype formation, are similar until 100°C as can be seen from the slope of the 

curve shown in figure 4c and figure 4d respectively. In particular, we notice a constant but slow 

increase of PbI2 peak intensity while the 3C peak intensity is constant suggesting that the loss in 3C 

polytype due to the PbI2 formation is balanced by the 3C polytype formation from the 4H polytype. 

At 120°C the slope changes and increases drastically for both materials end even if the degradation 

kinetics of the perovskite film is higher, as testified by the higher amount of PbI2 formed, the 

transformation kinetics of the 4H polytype into the 3C polytype is even higher suggesting that rapid 

annealing at high temperature (e.g. 120°C) could represent a good strategy to optimize the crystal 

structure of mixed cation and mixed anion perovskites with respect to a lower temperature and long 

time thermal annealing when different polytypes are present at the end of the preparation process. 

The peak around 2=14° is shifted towards higher diffraction angles due to the loss of the iodide 

anions caused by the formation of PbI2. We would expect even a higher shift towards higher angles 

caused by the change in the stoichiometry ratio between iodide and bromide anions due to the 

formation of the high amount of PbI2, but the cubic phase formation from the 4H polytype 

counterbalances this effect reducing the overall shift. We suggest that methylammonium cations 

trigger the perovskite film degradation since, with respect to the very small amount of 

methylammonium in the film, it is unlikely that such a high peak intensity is due only to a small 

amount of PbI2 derived by the MAPbI3 degradation. More likely, MA+ acts as the nucleation site of 

the degradation mechanism being the source of more volatile species during the degradation that carry 

on also in the rest of the mixed perovskite film. 



 

Figure 4 XRD patterns collected on CsFAPbIBr with 3% of MAPbCl3 sample (a). Position evolution of the diagnostic peak related to 

the 3C-phase of the CsFAPbIBr with 3% of MAPbCl3 film (b), Net Area evolution of the PbI2 related peak (c) and Net Area of the 3C-

phase peak of the CsFAPbIBr with 3% of MAPbCl3 related peak during the thermal stress treatment. 

To understand the complex structural behavior of the (Cs0.22FA0.78)Pb(I0.85Br0.15)3 perovskite upon 

addition of 3% of MAPbCl3 within the precursors and the formation of the 4H hexagonal phase, in 

figure 5a we have calculated the Goldsmith tolerance factor (TF) of the resulting mixed perovskite, 

comparing it to the ones of single cation iodide perovskites (CsPbI3, MAPbI3 and FAPbI3). For these 

calculations we have used ionic radii obtained from Travis et al.31 and Kieslich et al.32 We note that 

within this scheme, the only stable perovskite at room temperature is the MAPbI3 system, having a 

TF0.96, whereas the other two single-cation systems crystallize in non-perovskite polymorphic 

phases (δ-orthorhombic for CsPbI3 with TF0.89 and δ-hexagonal for FAPbI3 with TF1.04). We 

note that the stable FAPbI3 polymorph is the 2H one (Figure 5c), which is characterized by a 

anisotropic (quasi-one-dimensional) network of [PbI6
4-] octahedra surrounded by organic cations, 



where each octahedron shares three halogen atoms with neighboring [PbI6
4-] octahedra. On the 

contrary, the perovskite phase has isotropic characteristics and each [PbI6
4-] octahedron shares a 

single halogen anion with its neighbors. The tolerance factor for the (Cs0.22FA0.78)Pb(I0.85Br0.15)3 + 

(MAPbCl3) 0.03 system yields a value of ~1.01, which is slightly higher than the range of stable 

halide perovskite formation (0.9<TF<1), standing between MAPbI3 and FAPbI3. Within this context, 

the formation of the 4H hexagonal phase, which has structural characteristics that are similar to both 

the 2H and the perovskite polymorphs (Figure 5c) can be interpreted as an attempt of the system to 

form an intermediate phase between a purely hexagonal and a cubic system. It is important to consider 

here that a further decrease of the TF (e.g., by increasing the MA/FA ratio) could bring the TF within 

the [0.9,1] range and stabilize the perovskite phase. However, in this case, the thermal stability of the 

system would decrease, due to the presence of a higher concentration of  MA+ cations which tend to 

form volative degradation byproducts. This concept is also used to interpret the total absence of the 

4H phase after temperature annealing, where heating to 120 °C should promote the volatilization 

almost of the entire MA+ content33 (in the form of either CH3NH2+HI or CH3I+NH3) and facilitate 

the conversion of the remaining 4H content towards either the black perovskite phase or to 

degradation byproducts. The final composition of the annealed film should be a mixed CsxFA1-

xPb(IzBr1-z)3 perovskite along with PbI2 emerging from exposed surfaces or grain boundaries, which 

are subject to easier loss of volatile species. 



  

Figure 5 (a) Tolerance factor calculated for the single-cation CsPbI3, MAPbI3 and FAPbI3 perovskites and the mixed 

(Cs0.22FA0.78)Pb(I0.85Br0.15)3 + (MACl)0.03 system. (b) (b) Formation energies calculated for single A-cation single-anion APbX3 halide 

perovskites (A=Cs,MA,FA; X=I,Br) with respect to their precursors (AX+PbX2) at 0 K temperature. The value for the mixed perovskite is 

approximately estimated from a linear interpolation of single-perovskite values (c) Scheme of the 2H-hexagonal (left), 4H-hexagonal 

(middle) and 3C-perovskite (right) polymorphs of FAPbI3 

To further explore plausible correlations between the energetic stability of the mixed perovskite with 

respect to its structural/compositional characteristics, we have calculated the formation energies of 

single-A-cation single-anion APbX3 halide perovskites (A=Cs,MA,FA; X=I,Br) with respect to their 

precursors (AX+PbX2) at a 0 K temperature, and approximately estimated the respective mixed 

perovskite value from a linear interpolation of single-perovskite energies (considering a 

homogeneous mixing). Results (Figure 5b) indicate that the presence of even a small quantity of the 

Br- anion is fundamental for the stabilization of the perovskite phase of the mixed system, as pure 

bromide phases have lower formation energies (~0.2 eV per formula unit) with respect to their iodide 

counterparts. The A-cations on the other hand have a beneficial but smaller effect on the energetic 

properties of the mixed perovskite. However, they can additionally impact its vibrational 

characteristics through a relaxation of the rotational disorder for FA+ molecules at finite 

temperatures.34 Overall, the presence of multiple cations and anions tends to improve both the 

structural (considering the TF) and the energetic stability of the mixed system with respect to the pure 

FAPbI3 perovskite. 



The sample with the further addition of MDBS shows a minimal amount of PbI2 formed after the 

thermal stress test with respect to the sample without MDBS. In this case, the initial intensity of the 

peak around 2=14° is comparable with the intensity of the peak for the sample without any additive 

and is higher with respect to the sample with only the addition of MAPbCl3 (Figure 6a). This behavior 

is due to the role of the MDBS in the crystallization step during the film formation. The addition of a 

low amount of MDBS indeed has a huge impact on the perovskite film. As observed also in the SEM 

images shown later on, the inclusion of MDBS induces the formation of large and cohesive perovskite 

grains, which improves the stability of the material. The addition of the sole MAPbCl3 decreases the 

degree of crystallinity of the film thus increasing the amorphous component. This higher degree of 

crystallinity helps the film avoid the degradation represented by the PbI2 formation. The shift of the 

peak around 2=14° (Figure 6b) is similar to the previous samples. This is unexpected behavior, 

considering the low amount of PbI2 found. The shift is likely due to a lowering of stress inside the 

film considering that the conversion of the 4H polytype into the 3C-Cubic polytype doesn’t start until 

100°C and occurs very slowly as explained later in the paragraph. At 80°C no PbI2 is formed as shown 

in figure 6c and 100°C is needed to trigger degradation of the perovskite film. The conversion of the 

4H polytype into the 3C polytype also starts at 100°C as seen in figure 6d with a very slow speed. 

The conversion speed increases at 120°C and is completed after a few cycles. We suggest that the 

MDBS molecules act during the preparation step, leading to a good quality film formation even with 

the presence of the MA+ cation. But, in addition, MDBS helps freeze the crystalline structure during 

the thermal stress by inhibiting PbI2 formation. The role of the MDBS on perovskite stability is due 

a strong tendency to crystallize into 3D fibrillar structures even in presence of the perovskite 

precursors, leading to a very compact array of crystalline domains that has been discussed in detail in 

our previous work.35 Moreover Buin et al.36 demonstrated the relation to the reaction enthalpies of 

mixtures of bulk precursors with respect to the final perovskite product. They found that higher 

enthalpy gain leads to a higher thermodynamic stability of the resulting perovskite compound. This 

behavior of the MDBS molecules suggests performing rapid thermal annealing to convert the residual 



4H polytype likely present when adding MA+ cation in the mixing precursors without any severe 

degradation of the perovskite film into PbI2 as instead occurs into the film without MDBS additive. 

 

Figure 6 XRD pattern collected on CsFAPbIBr sample with 3% of MAPbCl3 and 1%MDBS additions sample (a). Position evolution 

of the peak related to the 3C-phase of the CsFAPbIBr film with 3% of MAPbCl3 and 1%MDBS additions (b), Net Area evolution of the 

PbI2-related peak (c) and Net Area of the 3C-phase of the CsFAPbIBr with 3% of MAPbCl3 and 1%MDBS additions related peak, 

during the thermal stress treatment. 

We are used to perform kinetic analyses in our publications, whenever possible, to investigate the 

degradation mechanism2. In the present case the mechanism is particularly complex due to the 

presence the 4H polytype that is converted to the 3C polytype during the thermal treatment. The peak 

area for the 3C-polytype, in fact, is almost stable until 100°C and increase at 120°C for the samples 

with CsFAPbIBr+MAPbCl3 and CsFAPbIBr+MAPbCl3+MDBS, making the use of this peak 

unfeasible as a marker of the film degradation. 



In alternative, we tried to use the peak of the PbI2 at 12.67° as a marker of degradation but the very 

low area of the peak in the overall experiment, especially for the CsFAPbIBr and 

CsFAPbIBr+MAPbCl3+MDBS samples, led us to have very high error bars in the Arrhenius plot 

(Figure S1). 

The morphology of the prepared films before and after the thermal stress test was investigated by 

SEM analyses. The CsFAPbIBr films shown in figure 7a (before) and figure 7d (after the thermal 

stress) test have the same morphology but with increasing grain size distribution and compactness of 

the film in agreement with XRD analyses. The sample is a compact film with well-defined 

morphology and without voids between grains, being ideal for photovoltaic application. The film with 

the MAPbCl3 addition is shown in figure 7b. The grain size distribution is like the one without 

MAPbCl3 with an increase in grain size after the thermal stress likely due to thermal coalescence; 

additionally, the sample has a more granular morphology with more exposed grain surfaces even in 

the fresh film, and some voids between the grain are also visible.  After the thermal stress test (figure 

7e) the empty spaces between the grain have increased due to the degradation of the film and the PbI2 

formation. Some white grains are related to the augmented density of PbI2 grain. The high 

surface/volume ratio in the film could be also one of the reasons for the poorer stability of the film 

with respect to the one without MAPbCl3. The film with the further addition of MDBS shown in 

figure 7f has a different morphology. The film is very compact and smooth with a low surface/volume 

ratio. The reduced exposure of the surface aids the stability of the film even after the addition of 

MAPbCl3. The morphology looks similar to the one before the thermal stress (figure 7c) testifying 

the good stability of the film in agreement with the XRD analyses. 



 

Figure 7 SEM images showing the morphology of the layers: fresh CsFAPbIBr film (a) CsFAPbIBr+MAPbCl3 film (b) 

CsFAPbIBr+MAPbCl3+MDBS (c) and after the thermal stress CsFAPbIBr film (d) CsFAPbIBr+MAPbCl3 film (e) 

CsFAPbIBr+MAPbCl3+MDBS (f). 

 

Conclusions 

We investigated the role of segregated phases on mixed cation/mixed anion perovskite film 

stability in N2 ambient. The stress test performed at high temperatures showed that the CsFAPbIBr 

film without any additives is very stable but suffers from the presence of the d-phase of the CsPbI3 

that cannot be recovered. With the addition of 3% of MAPbCl3, used to increase the band gap of the 

resulted perovskite film to match the best value for coupling with silicon solar cells, the film becomes 

unstable and leads rapidly to PbI2 formation. The low stability is related to the behavior of the MA+ 

cation that acts as a preferential site of degradation by the formation of volatile species which triggers 

further decomposition in the rest of the film. With the further addition of the 1,3:2,4-Di-p-

methylbenyliedenesorbitol (MDBS), the film recovered good stability due to the formation of a very 

compact film morphology with a reduced low surface/volume ratio.  
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