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ABSTRACT  

Recently, mixed-cation perovskites have promised enhanced performances concerning 

stability and efficiency in optoelectronic devices. Here, we report a systematic study on the effects 

of cation alloying on polaronic properties in cation-alloyed perovskites using first principle 
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calculations. We find that cation alloying significantly reduces the polaron binding energies for 

both electrons and holes compared to pure methylammonium lead iodide (MAPbI3). This is 

rationalized in terms of crystal symmetry reduction that causes polarons to be more delocalized. 

Electron polarons undergo large Jahn-Teller distortions (~15−30%) while hole polarons tend to 

shrink lattice by ~5%. Such different lattice distortion footprints could be utilized to distinguish 

the type of polarons. Finally, our simulations show that a Cs, formamidinium (FA) and MA 

mixture can effectively minimize polaron binding energy while weakly affecting band gap, in a 

good agreement with experimental findings. These modeling results can guide future development 

of halide perovskite materials compositions for optoelectronic applications.  

TOC GRAPHIC 

 

Three-dimensional lead-halide perovskites with general formula APbX3 (where A is a 

monovalent cation and X = I, Br, or Cl) are comprised of earth-abundant elements and are solution 

processable. These materials were shown promise for various optoelectronic applications while 

retaining low cost.1,2 The prototypical halide perovskite, MAPbI3, with a band gap of 1.6 eV,3 has 

been successfully utilized as an excellent active material for light harvesting in solar cells with 
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outstanding power conversion efficiency approaching 21%.4 In fact, solution-processed halide 

perovskites (HPs) are favorable candidates for a diverse range of applications including 

photovoltaics, light-emitting diodes,5,6 hydrogen generation,7 X-ray and gamma-ray detection,8,9 

spintronics10  and sensors.11 The superb performances of halide perovskites are due to unique 

photophysical traits, including low carrier effective masses, low electron-hole recombination rates, 

ambipolar charge transport, high extinction coefficients, and long charge carrier diffusion 

lengths.12–14 

Despite these initial demonstrations, the most significant barrier in the progress towards 

halide perovskite device commercialization is the lack of stability to temperature, oxygen, 

humidity, and exposure to light.15–17 Hybrid perovskites are prone to chemical reactions, phase 

transformations, phase segregation, and other degradation processes under ambient conditions. 

Numerous strategies, including reducing structural dimensionality,18,19 chemical make-up,20,21 

anti-solvent additive deposition,22 and defect creation,23 have been applied to the original MAPbI3 

structure in order to achieve a more stable while efficient solar cell material.24,25 For example, 

when making A-site substitutions to the lead-halide perovskites, various improvements are found. 

The FAPbI3 perovskite has an advantageous red-shift in bandgap and is less susceptible to thermal 

degradation compared to its MA equivalent.25,26 However, it lacks structural stability and its 

photoactive α-phase (“black phase”) is stable at elevated temperatures (>60 °C).27 At room 

temperature FAPbI3 tends to transform into the non-perovskite δ-phase (“yellow phase”).27 One of 

the main reasons for decomposition of MA and FA perovskites is the high volatility of the organic 

cations.28 Therefore the all inorganic alternative, CsPbI3 has drawn a lot of consideration.25,27,29–31 

Cs salts are less volatile than their organic counterparts, and exhibit excellent thermal stability up 

to temperatures as high as 300 ℃.29,31–33 Unfortunately, in addition to having a larger band gap, 
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CsPbI3 also suffers for the poor stability of its α-phase and at room temperature tends to transform 

into another non-perovskite yellow δ-phase.34 In absence of pure material exhibiting optimal 

optoelectronic properties and thermodynamic stability, alloyed materials may offer further 

structural optimizations. It has been widely demonstrated that double and/or triple cations 

perovskite compositions hold out the best solar cell performances. Adding small amounts of MA 

and Cs to FA perovskites induces crystallization into the photoactive perovskite phase and results 

in a composition that is more thermally and structurally stable than any of the pure systems.25,35–42  

Besides, MAPbI3 also suffers from the reversible photo-degradation in experiment43 that was 

attributed to light-activated metastable trap states of atomistic origin.43,44 Experimental and 

theoretical characterizations suggest that localized charged states strongly couple to local structural 

lattice distortions and methyl ammonium (MA) quasistatic configurations. These small polarons 

seed the creation of macroscopic charged domains prohibiting efficient charge extraction. Since 

these initial studies, there has been additional evidence that polarons play a role in the charge 

carrier behavior in perovskite materials.45–50 In the process of thermalization, the polaron phonon 

can reach equilibration by transferring thermal energy to surrounding lattice, giving rise to a cooled 

charge carrier.51 Small polaron are believed to be minority carriers that can lead to shifts in the 

near-infrared absorption edge, local structural distortions, as well as steep temperature dependent 

photo-degradation in perovskite materials.43 In order to reduce photo-degradation and enhance the 

carriers’ mobility and boost photocurrent in perovskite materials, it is therefore highly desirable to 

find a way to control the dressed quasiparticles in terms of spatial delocalization and the binding 

energy to the lattice degrees of freedom. Indeed, the formation of small polarons in MAPbI3 was 

initially traced to cooperative MA+ rotation and volumetric lattice strain. This interpretation was 

consistent with lower polaron binding energies in CsPbI3 for both electrons and holes, and led to 
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the hypothesis that FAPbI3 would be the best pure material to alleviate the photodegradation.44 

Alloying Cs, FA, and MA shall inhibit both concerted dipolar rotations and charge induced 

volumetric strain and thus has the potential to further affect the small polarons spatial distribution 

and reduce its binding energy.40,44 Notice that large polaron formation is also affected by alloying, 

leading to a slight enhancement of large polaron stabilization, due to Cs apolar character, not 

screening added charges.51 

In this letter, we utilize ab initio calculations to systematically investigate polaronic 

properties in a variety of mixed-cation hybrid perovskites. With the respect to Goldschmidt 

tolerance factor, mixtures of the three cations lead on the average to suitable structural stability 

tolerances. An additional advantage of alloying is the local symmetry breaking that prevents 

cooperative charge trapping through “concerted” cation re-configurations. Mixed triple cation 

could form perovskite with almost constant band gaps. Our modeling shows that cation alloying 

significantly reduces the polaron binding energies for both electrons and holes compared to that in 

pure MAPbI3. This can be traced to a pre-breaking of the crystal symmetry. Electron polarons 

undergo a Jahn-Teller (JT) distortions with the central apical bonds stretching 15-30% from their 

neutral geometry and the equatorial bonds remaining nearly the same. Hole polarons get the central 

octahedrons contracted uniformly by about 5%. Thus, the cation-mixing seems to effectively 

control both the structural and electronic properties so as to improve materials performance of 

halide perovskites. 

Materials with ABX3 composition make different crystal structures contingent upon the size 

and interaction of the A cation and the corner-sharing BX6 octahedra. The Goldschmidt tolerance 

(t) is a reliable empirical index to predict what structure is preferentially formed.52 The 

Acc
ep

ted
 m

an
us

cri
pt



 6 

Goldschmidt tolerance factor is calculated from the ionic radius of the atoms using the following 

expression: 

𝑡 =
𝑟𝐴+ 𝑟𝑋

√2 (𝑟𝐵+𝑟𝑋)
    (1) 

Where rA is the radius of the A cation, rB is the radius of the B cation and rX is the radius of 

the anion. In general, corner-sharing perovskites can be formed in the range of 0.8 < t < 1.0.53,54 

Using the Pauling radii55 for Cs+ = 1.69, Pb2+ = 1.22, and I– = 2.16 and reasonable values for MA+ 

= 2.17 and FA+ = 2.56,56 we get that the tolerance factor for CsPbI3 is 0.805, MAPbI3 is 0.906, and 

FAPbI3 is 0.987. To achieve the ideal black perovskite phase, tolerance factor t must be limited by 

the range of 0.9−1.0. CsPbI3, with t = 0.805, is too small to sustain the large PbI framework and 

induces large octahedral tilting accompanied with local lattice distortions.57 This observation is in 

line with the tremendous difficulty of fabricating stable CsPbI3 perovskites at room temperature. 

With a tolerance factor close to 1, FA should adopt a nearly cubic lattice. However, due to the 

disordered states of FA cations in the cuboctahedral cages formed with 12 nearest-neighbor I 

atoms,58 the asymmetrical FA ions reside off-center in the PbI6 octahedron causing the formation 

of a hexagonal non-perovskite structure.59 This suggests design the alloyed perovskites containing 

a suitable mixing of the three cations, which yields an optimal tolerance factor and improvement 

of the stability of the perovskite and photo-active phase, as already confirmed in experiments.39,40 

The three pure perovskites, APbI3 (A = Cs, MA, FA), have indeed optical absorption onsets 

at ~1.73 (black phase),60 1.51 (Tetragonal),58 and 1.43 (cubic)58 eV, respectively. The band gap 

redshift from Cs to MA to FA is associated to decreasing octahedral tilting with increasing cation 

size.56,61 MAPbI3 doping with Cs and FA is not expected to significantly change octahedral tilting 

and is anticipated to marginally change the band gap.62,63At the HSE+SOC level of theory, pure 

periodic MAPbI3 has a band gap of 1.01−1.17 eV.44 At this same level of theory, we built a periodic 
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tri-cation model of FA0.688MA0.25Cs0.063PbI3 in tetragonal phase containing 185 atoms to mimic 

the stoichiometric ratio (FA0.7MA0.25Cs0.05PbI3) explored in experiment.40 We find this mixed-

cation system has a band gap of 1.18 eV. This indicates that Cs and FA co-doping does not heavily 

influence the band gaps of materials.  

 

Figure 1: (a) Schematic diagram of a PbI6 octahedron and the eight surrounding MA molecules. 

(b) Six substitution models are derived from the basic MAPbI3 cluster with a stoichiometry of 

A54Pb27I108, where A is a mixture of the three cations. These models are denoted as Cs-MAPbI3 

(I), FA-MAPbI3 (II), CsFA-MAPbI3 (III), 2Cs-MAPbI3 (IV), 2FA-MAPbI3 (V), and 2(CsFA)-

MAPbI3 clusters (VI). The Cs and FA substitutions are considered along a diagonal around the 

central Pb in order to minimize the net dipole moment. The pink numbers are denoted to mark the 

sites where the substitutions are performed. (c) Schematic diagram of Jahn-Teller (JT) distortions. 

The equatorial (leq) and apical (lap) bond lengths are also marked.  

In order to describe the substitution effect on the charge species (i.e., polaron size and its 

binding energy), we subsequently constructed a series of cation-mixed isolated clusters (Figure 

1a) based on a pure MAPbI3 cluster where the MA cations are arranged in an antiferroelectric order 
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along the diagonal direction (Figure 1a,b). Assessment of polaronic effects assumes optimization 

of geometries of neutral and charged clusters followed by calculations of energies at these 

configurations44,64,65 (see SI and discussion below). These simulations were carried out using 

Gaussian 16 software package66 under the hybrid exchange-correlation CAM-B3LYP functional67 

in a polarizable solvent (see computational details in Supplementary Information).  Due to the size 

of the system, the use of a hybrid functional, and the intentional use of a local basis set, it was not 

possible to include the spin orbit coupling (SOC) effects to these calculations. This limitation does 

add a few caveats to our results. The electron reorganization/polaron binding energies are 

overestimated because of the lack of inclusion of SOC. Previously, we have also observed that due 

to the degeneracy at the bottom of the conduction band in the absence of SOC, the estimated Jahn-

Teller distortions and displacements are larger than those observed in experiment.68 In spite of 

these limitations, general trends across the materials series are predicted correctly. 

One important aspect of carrier self-trapping and spatial localization is symmetry breaking 

that may show itself in the activation of normally forbidden infrared modes.64,65 Electron coupling 

to acoustic or polar optical phonons leads to different polaronic species in semiconductor lattices 

with well-defined point group symmetries.44 Empirical Hamiltonians, like Holstein’s,65 are built 

to introduce a non-linearity into Schrodinger’s equation and provoke a bifurcation. A purely small 

polaron scenario related to totally symmetric local strain was presented in our previous 

manuscript.44 The JT distortions in HP materials is important in small polaron formation of 

electrons and is discussed in this manuscript and other previous manuscripts.68,69 The JT distortion 

is intimately linked to electronic degrees of freedom and is important signature of small polaron 

formation.69,70 Consequently, it manifests in removing an electronic degeneracy, opening a band 

gap and favoring a particular electronic state.  
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Table 1. Change in Pb-I Equatorial (leq) and Apical Bond (lap) Lengths (in Å) of the central 

Octahedron as defined in Figure 1c, as well as their standard deviations (σ) in mixed systems. 

Change in Pb-I bond length (%) 

  Electron Hole 

  leq  lap  Both 

CsPbI3 2 32 -5 

MAPbI3 2 25 -5 

FAPbI3 -2 23 -6 

Model-I 2 17 -5 

Model-II 2 15 -5 

Model-III 3 14 -5 

Model-IV 2 16 -5 

Model-V 2 15 -5 

Model-VI 2 17 -5 

σ 0.37 1.11 0 

Table 1 summarizes calculated changes in bond lengths, and energies between neutral and 

charged cluster obtained by comparing their respective optimal geometries. As with previous 

results,69 we find that the hole polaron bond lengths universally shrink by about 5% in all directions 

(Table 1). For the electron polaron in all the materials studied, the bond lengths of the four 

equatorial Pb-I bonds (leq) in the central octahedron remain almost unchanged. In contrast, the 

apical Pb-I bond lengths (lap) in the central octahedron increase by at least 23% for the pure 

materials with Cs (32%) > MA(25%) > FA (23%), reflecting the order of inherent symmetry. 

Markedly, the effect is notably reduced to about 15% for mixed cation materials with a standard 

deviation of 1.11. Thus, while the local lattice symmetry is also broken by the formation of electron 

polarons in alloyed systems, it is suggestive that they are less likely to be observed in these systems 

due to smaller geometrical changes. 
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Table 2: Cavity Volumes (in Å3), Reorganization Energies (λ, meV) and Polaron Binding 

Energies (Epol, meV) calculated for CsPbI3, MAPbI3, FAPbI3, and Mixed-cation Systems  

Models  Volume Electron   Hole 

λ1 λ2 λ, Epol  λ1 λ2 λ, Epol 

CsPbI3 9993 724 918 1642, 821B  365 274 639, 320C 

MAPbI3 10350 510 1377 1887, 944B  528 578 1106, 553A 

FAPbI3 10708 536 723 1259, 630B  310 506 816, 408B 

Model-I 10322 525 677 1202, 601B  275 399 674, 337B 

Model-II 10350 545 621 1166, 583B  337 238 575, 288C 

Model-III 10335 541 572 1113, 557A  365 289 654, 327C 

Model-IV 10317 531 680 1211, 606B  284 313 597, 299A 

Model-V 10373 456 690 1146, 573B  290 301 591, 296A 

Model-VI 10388 474 638 1112, 556B  322 289 611, 306A 

A,B,C Three types of diabatic energy surfaces as defined within Marcus theory in Figure 2a. 

According to the standard Marcus theory,71,72 we characterize polaronic properties with two 

relaxation energies, the sum of which is the reorganization energy (see Figure S1 and Methods 

section). The internal reorganization energy essentially quantifies the variation of the electronic 

energy due to the geometry changes when an electron is added or removed from the cluster. For 

simplicity we assume that the neutral and charged parabola of the diabatic energy curves have the 

same curvature (Figure S1). This assumes that the reorganization energies for the neutral and 

charged diabatic energy surfaces are identical. However, as already report on several studies,73–75 

the two reorganization energies and by consequence the curvature of the neutral and the charged 

parabola of the diabatic energy can be different (Figure 2a). The polaron binding energy (Epol) is 

then defined to be a half of the reorganization energy.76 Generally, larger polaron binding energy 

reflects strong coupling of electronic system to the lattice (or electron-phonon coupling). In order 

to rationalize possible trends, we distinguish three cases: type A (same curve as neutral), B 
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(different curvature with λ2 > λ1) and C (different curvature with λ2 < λ1). In fact, a majority of 

models for an electron-charged system is type B. CsFA-MAPbI3 (model III) is a unique case where 

an almost type A case is calculated (Table 2). The situation is different for a hole-charged system. 

The near-type A is observed for four cases MAPbI3, 2Cs-MAPbI3 (model IV), 2FA-MAPbI3 

(model V) and 2(CsFA)-MAPbI3 (model VI). The type C, which is not observed for the electron-

charged system case, appears for the hole-charged system in three cases: CsPbI3, FA-MAPbI3 

(model II), and CsFA-MAPbI3 (model III) clusters. Finally, the type B arises only in two cases, 

FAPbI3 and Cs-MAPbI3 (model I) clusters. It is important to note that the list of cation alloying 

patterns is not exhaustive. Even though there are fluctuations in binding energy and delocalization, 

all alloys studied have an electron polaron binding energy smaller than that of any pure material. 

Likewise, all alloys investigated have hole polaron binding energies smaller than MAPbI3 and 

FAPbI3. The alloys also uniformly show consistently more charge delocalization than the pure 

materials. 
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Figure 2. (a) Sketch of the three diabatic energy surfaces: Neutral (dark blue), Charged with the 

same curvature as Neutral (type A, red) and Charged with different from Neutral curvature (type 

B, dash red). Type C is not shown for clarity (λ2 < λ1). (b) The computed projected DOS (pDOS) 

for bulk tri-halide system with a stoichiometric ratio of Cs0.063FA0.688MA0.25PbI3. Placement of the 

states of the valence band top for three cations are indicated by pink. The Fermi level is set to zero.  

 

Figure 3. (a, b) The electron spin density distribution calculated using the optimal geometries of 

neutral and charged MAPbI3 clusters, respectively. (c, d) The same as for (a,b) but for the hole 

spin density in FAPbI3 clusters.  

Figure 3a, b shows an example of spatial distribution of electron-polaron spin density in 

MAPbI3. While both systems have -1 charge, the left and right plots show results obtained using 

the neutral and negatively-charged optimal geometries, respectively. An increased spatial 
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localization on the right image reflects lattice relaxation accommodating an addition of extra 

charge (self-trapping). As expected and previously reported,69 the electron Epol gets smaller once 

the A site cation is changed from MA to Cs to FA (Table 2). This is rationalized by understanding 

that the MA system can stabilize a polaron via both volumetric strain and reorientation of the MA 

dipoles. Since both Cs and FA have vanishing or very small dipoles, only the former (local-lattice 

strain) mechanism remains for charge stabilization in these cases. 

According to our results, Cs and FA appear to be better at mitigating hole and electron 

polarons formation, respectively. The small size of the Cs cation allows its free motion inside the 

PbI6 octahedron, which undergoes the largest JT distortion, and therefore leads to a larger electron 

polaron binding energy in CsPbI3 cluster compared to that in pure FAPbI3. As discussed earlier, 

hole polaron formation causes uniform contraction of the surrounding lattice. In this case, having 

a very flexible lattice could allow for the material to “contort” itself to create a deep hole polaron. 

Recent experimental studies have found that FA has a near zero bulk modulus,77 and we indeed 

find that the hole is not centrally located for the FAPbI3 cluster in the neutral geometry (Figure 

3c). The hole-charged system reveals noticeable non-symmetric localization (Figure 3d) that has 

a binding energy almost as large as the MAPbI3 cluster (Figure S3). In addition, we analyzed the 

projected density of states of a bulk tri-cation perovskite FA0.688MA0.25Cs0.063PbI3 in the tetragonal 

phase (Figure 2b), which has similar stoichiometric ratio to the experimental system 

(FA0.7MA0.25Cs0.05PbI3).
40 Since FA states are significantly closer to the band edges, they are more 

likely to interact with Pb–I lattice and contribute to the overall electron-phonon coupling compared 

to Cs or MA. Combining this with the fact that MA generate stabilization through both lattice 

distortion and dipole orientation, one can rationalize why hole polarons in pure FAPbI3 are 
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comparatively more localized compared to pure CsPbI3 and have spatial extent similar to their pure 

MAPbI3 counterparts (see Figures S2-S4 for comparisons). 

 

Figure 4. Calculated hole (left) and electron (right) spin density distribution of optimized neutral 

(top) and charged (bottom) CsFA-MAPbI3 clusters (model III). The substituting Cs and FA are 

indicated by red arrows. 

All alloyed clusters have lower electron-polaron binding energies compared to that of the 

pure clusters (Table 2). For example, calculated values are about half of what they are for pure 

MAPbI3. For hole-polarons, these alloyed systems have generally lower binding energies 

compared to the pure MA and FA systems with the exception of Cs-MAPbI3: the latter has polaron 

binding energy similar to that in the pure Cs system. Our simulations suggest that the systems with 

minimal electron and hole polaron binding energies are co-substituted MAPbI3 (Models III and 
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VI) and FA-MAPbI3 (Model II), respectively. The corresponding electron spin density 

distributions of Model-III are exemplified in Figure 4. These show slightly larger spatial extents, 

in good agreement with the corresponding quantities in Table 2. Spin density plots for all other 

alloys are shown in Figures S5−9. Overall, compared to pristine MAPbI3 we observe three general 

concomitant trends caused by alloying: reduced lattice distortion for electrons (Table 1), decreased 

polaron binding energies (Table 2) and increased spatial delocalization of the polaronic spin 

densities. In particular, we observe that both dipolar rotation and symmetric lattice distortions 

become smaller upon alloying. This can be rationalized by the fact that co-substitutions with 

cations of different sizes lead to slightly distorted and staggered lattice. Here, for instance, the 

cooperative motion of the remaining MA dipoles40 neighboring the substituted cells will be 

disrupted, thus contributing to the reduction of polaron binding energy. This in turn ensures 

improved delocalization of the polaron spin densities, indicating cation alloying effectively 

destabilizes small polarons and can potentially improve charge separation, diffusion and collection 

in perovskite-based optoelectronic devices supporting experimental observations.40  

Our cluster models are nano-systems with a large surface to volume ratio. Even though we 

have been using a polarizable solvent to account for dielectric constant environment of 3D 

perovskites, our calculations only account for the short-range distortions associated with small 

polarons owing to the limited cluster size. Subsequently, we may overestimate the polaronic 

contributions in terms of absolute numbers. To compensate for this effect, all the systems were 

chosen to have approximately the same size (~2 nm) containing nearly 600 atoms and thus were 

sufficiently large to approximate and mimic the bulk and fractional alloy effects. Larger clusters 

would be computationally intractable. Despite these limitations, we expect observed trends to hold 

for 3D halide perovskite alloys. In addition, our calculations are static and provide just energetic 
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estimates for reorganization energies. The dynamics of polaronic states in alloys is a very 

important question, where the theoretical simulations may complement experimental ultrafast 

spectroscopic measurements. For example, such studies were done for MAPI3 to link exciton-

polaron dynamics with lattice displacements.43 Moreover, non-adiabatic molecular dynamics 

(NAMD) simulations78 may provide additional insights into polaron dynamics. These studies in 

alloys are currently ongoing. 

In conclusion, we perform first principle calculations to investigate how alloying the A-site 

cation in APbI3 halide perovskites influences structural stability, optical properties and polaron 

binding energy. Our cluster models show that cation alloying significantly reduces the binding 

energies of small polarons for both electrons and holes roughly by a factor of two compared to 

pure MAPbI3 and to a lesser extent compared to CsPbI3 and FAPbI3. Observed trends are 

rationalized by the pre-breaking of the crystal symmetry that prevents concerted MA motion 

towards stabilization of a tightly bound polaron, and ultimately causes the polarons to be more 

spatially delocalized. The electron polarons undergo JT distortions with the central apical bonds 

stretching 15−30% from their neutral geometry and the equatorial bonds remaining nearly the 

same. The more symmetric pure materials undergo stronger JT distortions reflected and larger 

polaron binding energies. On the other hand, in all studied systems the Pb-I bonds in the central 

octahedrons of hole polarons uniformly shrink by about 5%. This difference in behavior could be 

utilized to determine which type of particle (electron or hole) is localized by a polaronic effect. In 

addition, alloying does not change significantly the band gap. Thus, our simulations show that a 

polaron binding energy can be tuned via Cs, FA, MA alloying, rationalizing recent experimental 

reports.40 Overall our computational results provide detailed analysis of mechanisms of lattice 
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distortions due to presence of a localized charge carrier guiding experiments toward more stable 

halide perovskites-based materials with improved optoelectronic performance.   
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