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ABSTRACT 

Lead-halide perovskites are outstanding materials for photovoltaics, showing long lifetimes of 

photo-generated carriers which induce high conversion efficiencies in solar cell and light-emitting 

devices. Native defects can severely limit the efficiency of optoelectronic devices by acting as 

carrier recombination centers. The study of defects in lead halide perovskites thus assumes a 

prominent role in further advancing the exploitation of this class of materials. The perovskites 

defect chemistry has been mainly investigated by computational methods based on Density 

Functional Theory. The complex electronic structure of perovskites, however, poses challenges to 

the accuracy of such calculations. In this work we review the state of the art of defects calculations 

in lead halide perovskites, discussing the major technical issues commonly encountered and what 

we believe to be the best practices. By keeping as a test case the prototype MAPbI3 compound, we 

discuss the impact of exchange-correlation functional on the electronic structure and on the defect 
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formation energies (DFEs), by comparing semi-local and hybrid functionals, with and without spin-

orbit coupling corrections. The convergence of calculated defects structures and their DFEs with 

respect to the simulation supercell size and the performance of commonly employed charge 

corrections is thus discussed. A summary of results concerning the defect chemistry of MAPbI3 is 

provided, providing hints onto the so called defect tolerance of this material class and casting 

possible scenarios to be addressed by experimental investigations.  
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Metal-halide perovskites are among the most promising materials for photovoltaics
1
 due to their 

attractive optoelectronic properties, such as direct band gap,
2, 3

 large absorption coefficient and low 

recombination rate of photo-generated charge carriers
4-7

 coupled to a fairly high mobility.
8
 The high 

efficiencies of these materials in solar cells, exceeding 22%, are mainly related to the very long 

lifetimes of photogenerated carriers,
8-10 even in the presence of moderate-high defects density.

11-13
  

As for any semiconductor, native defects assume a prominent role in the optoelectronic 

properties of perovskites due to their ability to trap photo-generated carriers and to promote their 

recombination on the defects sites, leading to solar cell efficiency loss, which is especially 

manifested as open circuit voltage losses.
14

 According to the Schokley-Read-Hall theory,
15

 the 

charge trapping rate R of carriers on a defect center is defined by  

𝑅 =
𝑛𝑝 − 𝑛𝑖

2

𝜏𝑝(𝑛 + 𝑛1) + 𝜏𝑛(𝑝 + 𝑝1) 
       (1) 

where n, p, and ni are the electron/hole carrier densities and intrinsic carriers density, respectively; 

τp,n are the holes and electrons lifetimes; 𝑛1 = 𝑁𝐶exp (−
𝐸𝑐−𝐸𝑇

𝑘𝑇
) and 𝑝1 = 𝑁𝑉exp (−

𝐸𝑇−𝐸𝑉

𝑘𝑇
); and ET is 

the energy of the considered trap (EC and EV are the conduction and valence band energies, with 

related NC and NV density of states). Based on Eq. 1, trap states with ionization levels placed in the 

middle of the band gap show an increased trapping activity compared with shallow charge traps.
15

   

Despite the limited lattice stability of perovskites compared to traditional semiconductors, 

only low to moderate trap densities of ~10
11

-10
16

 cm
-3

 for single crystals and polycrystalline 

samples have been reported, respectively.
16-20

 Such densities are comparable to those usually 

reported in conventional semiconductors like polycrystalline Si (10
13

-10
14

 cm
-3

),
21

 CdTe (10
13

-10
15

 

cm
-3

)
22

 and CIGS (10
13

 cm
-3

).
23

 Nevertheless, the efficiencies of perovskites in solar cells are only 

slightly affected.
17, 24

 Although the high dielectric screening of the organic/inorganic lattice can 

increase the lifetimes of charge carriers through the formation of large polarons,
25-28

 the origin of 

the apparent defect tolerance in this class of materials is still under debate and several studies aimed 
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to unveil the nature and the photophysics of charge traps in lead-halides perovskites have been 

performed.
12, 13, 16-19, 29-42, 46-64, 67-80 

Adinolfi et al., by using temperature dependent space charge 

limited current  techniques, reported the presence of two broad distributions of charge traps in 

single crystal MAPbI3 spanning ~0.2-0.3 eV below and above the conduction (CB) and valence 

band (VB), respectively, with estimated densities of 10
11

 cm
-3

.
16

 These two distributions are 

compatible with the presence of both electron and hole traps in MAPbI3. On the other hand, deep 

level transient spectroscopy experiments performed on polycrystalline MAPbI3 showed the 

presence of charge traps placed in the middle of the band gap, with densities of 10
15

-10
16

 cm
-3

.
29

 

Sub band-gap photocurrent experiments on mixed MAPbI3-xBrx perovskites films confirmed the 

presence of trap states for three different compositions of the mixed phases, with the emergence of 

multiple defect states in Br-rich perovskites.
30

  

The chemical nature of charge traps and the charge carriers dynamics in this class of systems 

has been widely studied, mainly by spectroscopic techniques. In situ X-ray photoelectron 

spectroscopy (XPS) experiments revealed the high tendency of MAPbI3 to release MAI from the 

lattice through the formation of vacancies couples, such as VMA and VI , with only limited impact 

on the photoluminescence (PL) properties of the perovskite.
31

 On the other hand, further XPS 

studies by Sadoughi et al. highlighted the presence of Pb metal clusters in the bulk of MAPbI3, 

showing that the Pb sublattice is also largely involved in the defect chemistry, by forming vacancies 

in the lattice, with potentially harmful impact on the overall PL properties.
32

 Spatially resolved PL 

experiments performed on polycrystalline films of MAPbI3 showed that I-rich surfaces are less 

emissive than Pb-rich surfaces, suggesting that most of the charge traps forms in I-rich portions of 

the perovskite.
33, 34

 This result is related to the study by Minns et al., who showed that high 

structural disorder in bulk MAPbI3 is associated to iodine interstitials, through X-ray and neutron 

diffraction techniques.
35

 The charge carriers dynamics has been also investigated in order to figure 

out the origin of the apparent defects tolerance. PL and transient absorption experiments performed 
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by Leijtens et al. confirmed the existence of electron traps in polycrystalline MAPbI3, with higher 

densities compared to single crystals, i.e. ~10
16

 cm
-3

.
17

 Further insights in the photophysics of 

defects have been also provided by the same authors, by showing that after the initial trapping of 

electrons on the defects centers, filled traps become essentially inactive for very long times, of the 

order of μs. This largely limits the non-radiative recombination on these centers and leads to a 

predominant hole conductivity.
17

 

Indirect hints concerning the nature of charge traps in lead-halide perovskites have been 

provided by investigating PL properties under different environment conditions. Exposure of 

MAPbI3 to low pressures of gaseous I2 was found to induce a quenching of the PL quantum yield 

(PLQY),
36

 accelerating the degradation of the perovskite through the formation of metallic lead, as 

revealed by XPS experiments.
37

 An irreversible p-doping of the perovskite associated to a 

decreasing of ionic conductivity was also reported.
38, 39

 These results confirm that iodine-rich 

environment likely tends to increase the density of charge traps in the material, with iodine 

vacancies likely playing a marginal role in PLQY quenching. This result has been indirectly 

confirmed by Zhang et al., who reported that purification of excess iodine from precursors (from 

MAI) effectively decreases the final density of traps in the perovskite, with beneficial impact on the 

efficiency of solar cells.
40

 Isovalent halide doping with Br or Cl has been also showed to effectively 

enhance the PL properties of MAPbI3.
19, 41, 42

 Similarly, the exposure of perovskites to low oxygen 

pressures improves reversibly the associated PLQY,
43-49

 highlighting a passivating action on the 

charge traps. This paves the way to post-synthesis treatment processes of the perovskites aimed to 

improve their optoelectronic efficiencies and large effort in order to improve permanently the PL 

enhancement is now performed.
50

  

An important topic still lacking general consensus is the effect of light irradiation on 

perovskite defects. The reversible photo-induced formation of charge traps in lead-halide 

perovskites in controlled atmosphere has been reported by Motti et al.,
49

 while a photo-
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decomposition under ambient conditions due to the loss of iodine has been reported by Kim et al.
51

 

On the other hand, beneficial effects of light irradiation have been reported by several other 

authors.
46, 47, 52, 53

  

The experimental picture discussed above highlights the prominent role played by defects in 

the optoelectronic properties of perovskites, both in the intrinsic material and in its interactions with 

the environment. Experiments, however, cannot provide a microscopic picture of the observed 

phenomena. In this regard, computational modelling is a complementary tool for rationalizing 

experimental results, particularly regarding the nature of the defects involved in the aforementioned 

processes. Several computational studies have been carried on native defects in perovskites, mainly 

employing Density Functional Theory (DFT).
12,13,54-65,67-80

 Yin et al. performed calculations on the 

cubic phase of MAPbI3 reporting that only shallow defect states exist in this phase, with a 

predominance of lead vacancies (VPb) and methylammonium interstitial (MAi) defects.
12

 Buin et al. 

carried out an extensive investigation of the defects stabilities in different halides comparing 

MAPbX3 perovskites with X= I, Br and Cl. In this work calculations confirmed the high stability of 

VPb, MAi and iodine vacancies (VI) in all three phases and in all conditions of growth, by 

highlighting the emergence of I and Pb (Ii and Pbi) interstitials as sources of charge trapping.
54, 55

 

Similar conclusions have been also reported for formamidinium (FA) lead-iodide and inorganic 

perovskites.
56-58

 Agiorgousis et al., through MD simulations, discussed the possible role played by 

iodine vacancies in the trapping of electrons in MAPbI3.
59

 The migration barriers associated to the 

diffusion of defects within the lattice have been also studied by DFT methods, with a general 

consensus about iodine moving faster than methylammonium, faster than lead. Barriers of ~0.1 eV, 

0.2-0.5 eV and > 0.8-1 eV have been reported for migration of I-, MA- and Pb-related defects, 

respectively.
60-63

 Based on these studies, the origin of the apparent defect tolerance of lead-halide 

perovskites has been ascribed to the shallow nature of the most stable native defects in the material, 

with the possible formation of Schottky defects couples, e.g. VMA and VI, further limiting the 
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electronic disorder in MAPbI3 and avoiding trapping on single charged defects, as discussed by 

Walsh and coworkers.
64

 The large part of these studies, however, have been carried out by using 

semi-local exchange correlation functionals, such as the Perdew-Burke-Ernzherof (PBE) 

functional.
65

 The use of such semi-local functionals, although usually providing a good 

approximation to defect geometrical structures and lattice energies, may lead to unsatisfactory 

results for the calculations of defects formation energies (DFEs) and thermodynamic ionization 

levels when both spin-orbit coupling (SOC) and self-interactions corrections are neglected.
66, 67

 Du 

discussed this point by comparing thermodynamic ionization levels of native defects in MAPbI3 

calculated with PBE and hybrid DFT functionals (SOC included).
61, 67

 It was shown that the 

overestimate of the valence and conduction band energies delivered by PBE (and similarly by other 

semi-local functionals) tends to underestimate the positions of the levels in the band gap. As a 

result, several shallow transitions at the PBE level occur deep in the band gap in hybrid 

HSE06+SOC
68

 calculations, as reported for instance for iodine interstitials.
67

 Hybrid DFT 

calculations have been also carried out on PbI2 and MAI terminated surfaces of MAPbI3, among the 

most stable and abundant surfaces in nanocrystals,
69

 by reporting an increased trapping activity of 

the surface compared to the bulk with the emergence of several traps states deep in the band gaps.
70

 

By performing HSE06+SOC calculations Meggiolaro et al. investigated DFEs and thermodynamic 

ionization levels of native defects in MAPbI3, by showing that iodine interstitials, and to a minor 

extent lead vacancies, are the main responsible of the charge trapping processes in the perovskite, 

while other stable defects are essentially shallow traps.
13

 This study also confirmed the existence 

long-lived electrons traps and short-lived holes traps in MAPbI3, providing a possible interpretation 

of the apparent defect tolerance of lead-halide perovskite in connection with spectroscopic 

observations.
13, 17

 The activity of Vk and H-centers (iodine interstitials) in trapping holes in bulk 

MAPbI3, typical of alkali halides compounds,
71, 72

  has also been discussed by Whalley et al.
73

 Wei 

Li et al., through non-adiabatic MD (NAMD) simulations focussed on the carrier dynamics in 

presence of neutral interstitial iodines, by showing that such defect can easily exchange trapped 
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holes with the valence band at room temperature, further limiting the recombination of opposite 

charge carriers on the center.
74

 Similar studies based on NAMD simulations reported increased 

electron-hole recombination rates on MAI-rich surfaces of MAPbI3.
75

 Changes in chemical and PL 

properties of perovskites upon doping and when interacting with the environment have been also 

studied computationally. Shi et al. performed a wide DFT study aimed to evaluate the doping 

activity of several extrinsic elements in MAPbI3, by concluding that the p-type doping with Na, K, 

Rb, Cu, and O elements is easier than n-type doping, the last possible only in non-equilibrium 

growth of the perovskite.
76

  Mosconi et al. showed that the PL quenching observed in Bi-doped lead 

perovskites is due to the introductions of deep electrons recombination centers in the band-gap.
77

 

On the other hand, other DFT works investigated the beneficial effects of isovalent halide doping 

with Br and Cl, by showing that these elements can effectively passivate charge traps and increase 

the lifetimes of charge carriers in MAPbI3, both in the bulk and at the perovskite-TiO2 interface.
13, 

78, 79
 The PL quenching of MAPbI3 due to the exposure to I2 gas has been studied by Meggiolaro et 

al., by concluding  that the high chemical potential of iodine in the gas phase leads to an increased 

density of iodine interstitials charge traps in the perovskite, with consequent p-doping and 

detrimental effects on the PLQY.
80

 On the other hand, the beneficial effect of exposition to low 

pressures of O2 has been showed to passivate such traps leading to an enhancement of the PL 

properties of MAPbI3.
81

 By DFT calculations, an oxygen induced mechanism of photo-degradation 

of MAPbI3 has been proposed by Aristidou et al., where the inclusion of oxygen within the 

perovskite can take place through the formation of superoxides species, whose formation is assisted 

by light.
82

   

Due to the importance of defects in determining the outstanding optoelectronic properties of 

lead-halide perovskites, in this work we summarize some of the most important technical issues 

commonly encountered in the computational modeling of defects in this materials class, keeping as 

a test case the prototype MAPbI3 perovskite. We first discuss the effects of the level of theory 
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employed in DFT calculations on the defects formation energies and the thermodynamic ionization 

levels, with particular emphasis on the combined effect of spin orbit coupling (SOC) and quality of 

the DFT functional. The Defect Formation Energies (DFEs), which are the central quantity to 

estimate the defect abundance, calculated by using a semi-local approximation to the exchange 

correlation functional are compared and discussed with results obtained by using the hybrid 

functionals (HSE06 and PBE0) as a function of the amount of exact exchange, with and without 

including SOC. This analysis shows that sizable deviations in the thermodynamics and electronic 

properties of defects in perovskites are obtained at different levels of theory. The large deviations in 

the electronic properties of MAPbI3 obtained with semi-local and hybrid functionals also induce 

remarkable energies differences between the calculated lattice defects equilibrium geometries. 

While, as expected, semi-local functionals, such as PBE, give satisfactory results in the search of 

geometrical minima, the large corrections on the band edges induced by the SOC and the self-

interaction error may severely alter the calculated stability of different equilibrium configurations. 

This issue can be at the origin of the large deviations on the calculated DFEs reported by several 

authors in the literature. An in depth technical discussion about the charge corrections in the 

supercell approach for this class of materials is then presented, where various commonly employed 

methods for the corrections of images charge interactions are compared and discussed for two 

defects of increasing charge. Finally, a summary of calculated defect properties of MAPbI3 is 

reported, with connection to available experimental observables.   

1. Defects formation energies: computational protocol 

The stability of native defects in solids is commonly evaluated by calculating the associated DFE 

through DFT calculations in the supercell approach following the equation: 83-85
 

𝐷𝐹𝐸(𝑋𝑞) = 𝐸(𝑋𝑞) − 𝐸(𝑏𝑢𝑙𝑘) − ∑ 𝑛𝑖𝜇𝑖 + 𝑞(𝐸𝐹 + 𝑉𝐵𝑀 + ∆𝑉) +  𝐸𝑞   (2)

𝑖
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where E(X
q
) is the energy of the defect supercell of charge q, E(bulk) the energy of the pristine 

supercell, n and µ are the number and the chemical potentials of the species added or subtracted to 

the perfect bulk in order to form the defect. The fourth term represents the energy associated to the 

exchange of charges with the electrons reservoir (the Fermi level of the system EF), referenced to 

the valence band maximum (VBM) of the pristine crystal. Adopting this convention, the energy of 

the VBM explicitly contributes to the DFE. The absolute VBM energy should also be corrected for 

the electrostatic potential shift ΔV induced by the defect in the supercell calculation compared to 

the bulk reference potential, from which the VBM is taken. Finally, the last term in Eq. 2, E
q
, is 

introduced to correct the electrostatic interaction between charged point defects in the periodically 

repeated supercells.  

As expressed by Eq. 2, DFEs are function of the chemical potentials of the elements 

constituting the lattice µi (i = MA, Pb, I) and of the Fermi level of the system EF. By fixing the 

chemical potentials, DFEs show a linear dependence on the Fermi level in the system which is 

allowed to vary within the material band gap, whose slope is determined by the charge of the defect. 

By the analysis of DFEs and of their variation as a function of the Fermi level it is possible to 

predict the stable states of charge of native defects with the associated ionization levels in the band 

gap, as well as their density in the system. The thermodynamic ionization levels between different 

charge state q/q’ of a defect are defined as the Fermi energies (EF) where the associated DFEs are 

equal, i.e. those which satisfy the condition DFE(q’,EF)=DFE(q,EF), with the Fermi energy range 

restricted to the band gap of the crystal. These quantities are calculated by applying the general 

expression: 

𝜀(𝑞/𝑞′) =  
𝐷𝐹𝐸(𝐷𝑞,𝐸𝐹=0)−𝐷𝐹𝐸(𝐷𝑞′,𝐸𝐹=0)

𝑞′−𝑞
                             (3) 

Where DFE(D
q
, EF=0) are the formation energies of defects in state of charge q calculated for EF= 

0, i.e. coinciding with the VB maximum (VBM).
83

 The relative concentration c(D
q
) of defects can 
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be estimated by the calculated DFE by applying the Boltzmann law 𝑐(𝐷𝑞) = 𝑁𝑠exp (−
𝐷𝐹𝐸(𝐷𝑞,𝐸𝐹)

𝑘𝑇
), 

where Ns is the density of the defects sites in the modelled supercell, T is the absolute temperature 

and k the Boltzmann constant. Furthermore, from the calculated defect density it is possible to 

predict the position of the native Fermi level in the system, thus whether the material will be n- or 

p-doped (or intrinsic) by solving the associated electro-neutrality equation: 
83

     

𝑝 − 𝑛 + ∑ 𝑞𝑖𝐶𝑋𝑖(𝐸𝐹) =𝑋𝑖 0                         (4) 

where p and n are the intrinsic densities of electrons and holes.  

Based on the above framework, three terms affect the accuracy of calculated DFEs and 

charge transitions: i) the relative energies of the bulk and defective systems; ii) the electronic term 

accounting for the exchange of charges between the defect site and the Fermi level, i.e. the absolute 

VBM value of the bulk reference phase; and iii) the electrostatic corrections need to account for the 

presence of charged defects. In the following, our analysis will focus on the computational methods 

applicable in order to accurately predict these terms. 

2. Stability and electronic properties of bulk MAPbI3 

To simulate the defect chemistry of MAPbI3 in different environments, appropriate values of the 

chemical potentials to the constituting species should be assigned. The energy ranges of chemical 

potentials are set in order to preserve the thermodynamic stability of the perovskite, by simulating 

halide rich (metal poor) or halide poor (metal rich) conditions. The field of thermodynamic stability 

of MAPbI3 is defined by the following relations for the chemical potentials μ:  

𝜇(𝑀𝐴) +  𝜇(𝑃𝑏) + 3𝜇(𝐼) = 𝜇(𝑀𝐴𝑃𝑏𝐼3)     (5) 

𝜇(𝑀𝐴) +  𝜇(𝐼) < 𝜇(𝑀𝐴𝐼)   (6) 

𝜇(𝑃𝑏) + 2𝜇(𝐼) <  𝜇(𝑃𝑏𝐼2)    (7) 
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These relations express the stability of the three relevant compounds in equilibrium, i.e. MAPbI3 

with its constituents (Eq. 5), MAI (Eq. 6) and PbI2 (Eq. 7); they are commonly expressed by 

referring the chemical potentials of the species to their respective values in the standard state. While 

the definition of standard states of iodine and lead is straightforward, by using the chemical 

potentials of molecular iodine and of bulk metallic lead, a difficulty clearly arises in assigning a 

definite standard state to the charged MA molecule.
12

 The definition of a MA standard state is 

however not essential in the simulation of I-rich or I-poor conditions and its value can be evaluated 

by solving Eq. 5-7. In Table 1 the expression of chemical potentials simulating MAPbI3 in 

equilibrium with  PbI2 and MAI in I-rich and I-poor conditions are reported for clarity. 

Table 1. Expressions of the chemical potentials for the elemental species in MAPbI3 in equilibrium 

with PbI2 and MAI phases. Points A and C in the thermodynamic diagram are showed in Figure 1.    

Equilibrium with PbI2 Equilibrium with MAI 

I-rich (point A) 

μ(I) = ½ μ(I2
mol

)
 

μ(Pb) = μ(PbI2) - μ(I2
mol

) 

μ(MA) = μ(MAPbI3)-μ(PbI2)-1/2 μ(I2
mol

) 

 

I-poor (point C) 

μ(I) = [μ(PbI2) - μ(Pb
bulk

)]/2
 

μ(Pb) = μ(Pb
bulk

)  

μ(MA) = μ(MAPbI3)-3/2 μ(PbI2)+1/2 μ(Pb
bulk

) 

 

I-rich 

μ(I) = ½ μ(I2
mol

)
 

μ(Pb) = μ(MAPbI3) - μ(MAI) –1/2 μ(I2
mol

) 

μ(MA) = μ(MAI)-1/2 μ(I2
mol

) 

 

I-poor  

μ(I) = [μ(MAPbI3)- μ(MAI)- μ(Pb
bulk

)]/2
 

μ(Pb) = μ(Pb
bulk

) 

μ(MA) = [3μ(MAI)- μ(MAPbI3)+ μ(Pb
bulk

)]/2 

 

In Table 1 halide rich conditions are simulated by setting the chemical potential of I to that of the I2 

molecule (I2
mol

), while halide poor conditions can be simulated by setting the chemical potential of 
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Pb to that of the metallic lead, Pb
bulk

. Although the standard state of iodine at room temperature is 

the I2 molecule in the orthorhombic solid phase, we consider hereafter as a standard state the iodine 

molecule in the gas phase. This assumption is justified by considering the high vapor pressure of 

iodine at the temperature usually employed in the synthesis and annealing of MAPbI3, i.e. above 

100 °C.  

By calculating chemical potentials according to expressions in Table 1, it is possible to 

define the thermodynamic field of stability of MAPbI3, as illustrated in Figure 1a. Notably, the 

perovskite is stable only in a limited area of I and Pb chemical potentials, in equilibrium with the 

PbI2 and MAI phases, whose width is the enthalpy of formation of the perovskite starting from PbI2 

and MAI, i.e. -0.11 eV as calculated at the PBE level.  

Figure 1. a) Thermodynamic field of stability of the tetragonal MAPbI3 phase calculated at the PBE 

level; b) Band edges energies of MAPbI3 calculated at different level of theories: asterisks * denote 

calculations including spin-orbit corrections. 

 

Similarly important to the rational definition of the chemical potentials for the elements, a 

quantitative prediction of the band edges is essential in order to estimate accurately the electronic 
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term in Eq. 2, since a possible inaccuracy in this term can have dramatic effects on the calculated 

DFEs.  

Semi-local exchange correlation functionals, such as PBE
65

 and PBEsol,
86

 usually provide 

accurate geometries and lattice energies, but are not sufficiently accurate in the description of the 

electronic properties of semiconductors, neither for the band-gap nor for the energy of the band 

edges. The PBE functional predicts a MAPbI3 band gap of 1.56 eV, in good agreement with 

experiments (see Figure 1b). However, as previously discussed, such matching is only fortuitous.
87, 

88
 The inclusion of SOC strongly narrows the band gap to 0.55 eV (see Figure 1b).

89, 90
 Notably, this 

is the correct band-gap predicted by semi-local functionals, retrieving the typical band-gap 

underestimate known for most of semiconductors. By using GW calculations including SOC on 

tetragonal MAPbI3, a band gap of 1.64 eV was obtained,
87

 in good agreement with experiments. A 

remarkable downshift of both the VBM and CBM of the perovskites, by about 0.5 eV compared to 

the PBE calculation, is also reported, Figure 1b. This result highlights that a reliable estimation of 

the electronic term in the calculation of DFEs requires a more accurate treatment of the electronic 

structure than semi-local exchange correlation functional. The GW approximation, although 

providing a good description of the electronic properties, is currently limited to the calculation of 

quasi-particle energies at fixed geometries, although promising procedures aimed to combine the 

GW addition/removal electrons energies with lattice relaxation energies obtained by DFT methods 

have been recently proposed.
91

 The high computational cost of the GW technique, however, 

currently limits its application to small/medium systems. A good compromise for an accurate 

treatment of both lattice and electronic energies is represented by hybrid exchange correlation 

functionals which employ a fraction of the exact Hartree-Fock exchange in their formulations in 

order to partially correct the self-interaction error of semi-local functionals. The advantage of using 

hybrid functionals, such as PBE0
92

 and HSE06 
68

 is that, beside a quantitative estimation of the 

electronic band edges energies, they also provide accurate lattice energies, generally improving 
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upon semi-local functionals. The fraction of exact exchange (α) included in the hybrid functional is 

a tunable parameter and is set to a value of 0.25 for both PBE0 and for the screened HSE06 

functional, an optimal value for low-medium band gap semiconductors.
93

 Such fraction of exact 

exchange turns out to be insufficient to reproduce the experimental MAPbI3 band-gap when SOC is 

included. As an example, the standard HSE06 functional with α = 0.25 provides a band gap of ~1.1 

eV for MAPbI3, Figure 1b. By using PBE0-SOC with the same α=0.25 a band-gap of 1.64 eV is 

obtained, in good keeping with GW results. Increasing α to 0.43 with HSE06, as proposed by Du,
67

 

allows one to correctly reproduce the experimental band gap of MAPbI3, with a calculated estimate 

of 1.58 eV. The calculated electronic structure consistently delivers a downshift of the MAPbI3 VB 

and CB of ~0.5 eV compared to the PBE functional, in good agreement with GW calculations, 

Figure 1b.  The use of increased fractions of exchange (α > 0.25) in order to accurately describe the 

electronic properties of the perovskites in the HSE06 functional only slightly modifies the 

thermodynamic properties of the elementary phases, as showed by Table S1, Supporting 

Information, where a list of properties of MAPbI3, PbI2 and I2 have been compared as calculated by 

using two different values of exchange fractions. Notice that while in PBE0 the exact exchange- 

multiplied by α - is used for any inter-electronic distance, in HSE06 the same exchange terms is 

used within a radius of inter-electronic distances, to switch to the semi-local exchange term at long 

range. As we will show below, this has important consequences for the calculation accuracy. 

In the calculations of solids it is customary to remove core (and semi-core) electrons from 

the actual electronic structure problem, for computational convenience. This is either afforded by 

replacing the core electronic states by a pseudo-potential (PP)
94, 95

 or by freezing such states at those 

of the isolated atom, as in the Projector Augmented Wave (PAW) approach.
96

 Notably, the use of 

PPs can be more computationally effective, but we found that PPs in combination with hybrid 

functionals can lead to unsatisfactory results in hybrid calculations if partially incomplete valence 

shells are considered in the pseudopotentials. This is (unfortunately) the case of Pb when the semi-
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core n=5 valence shell is excluded in the pseudopotential construction, leaving only the 5d, 6s and 

6p electrons in the valence, the most common pseudopotentials usually employed in calculations. 

The exclusion of the semi-core 5s and 5p electrons in the calculation of exact exchange leads to an 

unphysical down shift of the CB band edge by increasing the fraction of exchange with large 

underestimations of the calculated band gaps, see Figure S1, Supporting Information. The origin of 

this behavior resides in the exclusion of the 5s and 5p electrons in the calculations of the exact 

exchange which bring a sizable contribution to the exchange term due to the overlap with the 5d 

orbitals of the metal.
97

 The inclusion of these states through the construction of a 22 valence 

electrons Pb pseudopotential allows us to retrieve an accurate description of the electronic 

properties, comparable to the results of PAW calculations which are not affected by this problem, 

retaining the full space of atomic levels for the calculation of exact exchange. To visualize this 

effect we investigate the band edge energies and band-gap behavior calculated for three fractions of 

exact exchange by HSE06 and PBE0 using two different Pb pseudopotentials, with 14 and 22 

valence electrons.  For simplicity, we neglect SOC in these test calculations so the reported band-

gaps have only a comparative value. As shown in Figure S1, Supporting Information, increasing the 

fraction of exact exchange by using 14 electrons pseudopotentials leads to a relatively modest band-

gap increase with HSE06, due to an unphysical CB down-shift. Similarly, PBE0 delivers a reduced 

band-gap opening with the 14 electrons PP. Both functionals instead show the expected (and 

correct) band-gap opening with 22 electrons PP upon increasing .   

3. Effects of self-interaction and spin-orbit coupling on defect properties 

The terms affecting the accuracy of calculated DFEs in Eq. 2 are the energies of the bulk and 

defective supercells and the electronic term accounting for the charges exchange with the Fermi 

level. In this section we discuss the influence of the self-interaction error and spin-orbit coupling on 

these terms.  
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The accuracy in the calculation of the energies of the defective supercells, i.e. first term in 

Eq. 2, is intrinsically related to the accuracy in the determination of the equilibrium geometries of 

the defects systems. Due to the fairly high computational cost of hybrid functionals, the relaxation 

of defects supercells is commonly carried out by using semi-local exchange correlation functional, 

e.g. PBE, which usually provide fairly accurate equilibrium geometries at a comparatively low 

computational cost. The self-interaction error intrinsic to the semi-local functionals is however 

responsible of both the band-gap underestimate and of the limited localization of the charge density 

on the defects sites. Basically, (defects) charges tend to be over-delocalized by semi-local 

functionals, which may affect the energies and the equilibrium geometries of the defective 

supercells. 

To highlight the possible issues related to the use of the PBE functional in the prediction of 

lattice energies, we discuss the configurational energies of two relevant defects in MAPbI3, i.e. VI 

and Ii, in two different charge states, as calculated in the 2x2x1 supercell. Here we want to focus 

directly on the energies of the defects along fixed configuration coordinates as calculated at the 

PBE and hybrid levels of theory, in order to make the discussion independent from chemical 

potentials.   

Ii has been recently indicated as one of the potential active hole trap in MAPbI3 through the 

(0/-) transition placed ~0.30 eV above the VB at hybrid level.
67, 81

 In the stable negative 

configuration, Ii
-
, the defect is characterized by two iodine atoms coordinated by two Pb ions in a 

double-bridged geometry with a I-I distance > 3.80 Å, Figure 2a. By looking at Figures 2b-d this 

configuration is the energy minimum at PBE, PBE-SOC and HSE06-SOC levels. On the other 

hand, the neutral form of Ii
0
, representing the product of the hole trapping on the defect, induces a 

shortening of the I-I bond to form the analogous of a coordinated I2
-
 specie. We studied the potential 

energy profile along the I-I bond length coordinate at the PBE, PBE-SOC and HSE06-SOC level in 

a range of distances corresponding to the two minima of the charged and neutral defect states. 



18 

 

While PBE and PBE-SOC predict for Ii
0
 essentially the same minimum structure than for Ii

-
, 

showing an overall flat energy profile, the same path calculated by HSE06-SOC clearly shows an 

increasing stability of the bound I2
-
 species at an I-I distance of 3.26 Å, with a calculated 

stabilization energy of 0.33 eV with respect to the PBE minimum. The discrepancy between PBE or 

PBE-SOC and HSE06-SOC is ascribed to the larger stabilization of the hole localized on the  I2
-
 

center obtained at the hybrid level due to the down-shift of the band edges with respect to the PBE 

calculation.   

The iodine vacancy (VI), a typical donor defect, shows a somehow similar behavior. At the 

PBE level VI is stable in the positive and negative charge states as observed for iodine interstitials. 

Moving from the positive to the negative charged vacancy, a progressive shortening of the vicinal 

Pb ions is found, with the formation of a Pb-Pb dimer in the negative charged state observed at the 

PBE level, Figure 2e, consistent with the results of Argiourgosis et al.
59

.   

 

 Figure 2. Effect of spin-orbit and self-interaction on the energies of iodine interstitial and vacancy  

defects in their negative and neutral forms. a) Structure of Ii (PBE negative configuration), the 
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explored I-I distance is marked by red arrow; b-d) Profile energy for the neutral and negative 

interstitials calculated at the PBE, PBE-SOC and HSE06-SOC (α=0.43) levels respectively; e) 

Structure of VI
-
 (Pb-dimer, PBE negative configuration) the explored Pb-Pb distance is marked by 

red arrow; f-h) Profile energy for the neutral and negative VI calculated at the PBE, PBE-SOC and 

HSE06-SOC (α=0.43) levels respectively. Energy minima are marked with asterisks. 

 

By introducing SOC both at the PBE and HSE06 levels we found that the Pb-Pb dimer is no more 

the energy minimum, with the dimer being less stable than the unbound configuration by 0.29 eV at 

the hybrid level for the negatively charged vacancy, Figures 2f-h. In this case the dominating effect 

is that of SOC, which profoundly alters the electronic structure of the Pb states, leading to a 

destabilization of the Pb-Pb dimer. Taken together, these results call for the use of hybrid+SOC 

geometry optimizations for an accurate description of defects in MAPbI3. While this may turn out to 

be computationally impracticable, the use of properly tailored GGA+U+SOC methods may 

represent a viable tool.
98

 In any case, it is advised to check the obtained PBE structures by single 

point hybrid+SOC calculations at different geometries to avoid possible artifacts. 

The combined effects of spin-orbit coupling and exact exchange over the DFEs of several 

defects are reported in Figure 3a-b. A summary of the calculated DFEs at different levels of theory 

in I-rich conditions have been also reported in Table 2.  

 

Table 2. Influence of the spin-orbit coupling and the electronic exchange on the DFEs of neutral 

and charged defects (EF=0) in I-rich conditions (point A in Figure 1a). PBE and PBE-SOC 

calculations have been carried out in the 2x2x1 supercell by using US pseudopotentials (Pb 14 

electrons) and a cutoff on PWs of 40 Ryd (320 Ryd for the charge density). HSE06-SOC (α=0.43) 

calculations have been carried out by using norm-conserving pseudopotentials (22 electrons Pb 

pseudo) and a cutoff of 40 Ryd on the PWs. Van der Waals dispersion corrections (vdW) have been 
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added a-posteriori by using the DFT-D3 scheme. Both the potential alignment and Makov-Payne 

corrections (ε=24.0) have been applied to the DFEs. 

 

By the analysis of results in Table 2, strong variations in the calculated DFEs of neutral defects at 

PBE and PBE-SOC levels of theory are reported for donor defects, such as VI, Pbi and MAi, while 

limited deviations for the other defects are reported. Donor defects can ionize through the general 

reaction D
0
 = D

+
 + 1e

-
 (CB), with VI and MAi in their neutral state leading to partially occupied CB 

states. SOC largely stabilizes the unoccupied 6p orbitals of lead, leading to a CB stabilization of 

0.8 eV compared to scalar relativistic results. Such stabilization is responsible of the DFEs 

decrease calculated for these defects when SOC is included. On the other hand, the limited SOC- 

DFE (eV) VI Ii VPb Pbi VMA MAi 

PBE  2.14 0.80 0.01 4.13 0.13 2.93 

PBE-SOC  1.17 0.71 -0.07 3.37 -0.06 2.02 

HSE06-SOC  1.87 0.93 0.19 4.19 0.67 2.59 

HSE06-SOC-vdW 2.44 0.31 -0.32 4.59 0.99 2.16 

DFE (eV) , EF=0 VI
+
 Ii

-
 VPb

2-
 Pbi

2+
 VMA

-
 MAi

+
 

PBE 0.58 0.76 0.33 1.56 0.18 1.41 

PBE-SOC 0.67 0.58 -0.09 1.71 -0.02 1.52 

HSE06-SOC  0.29 1.24 1.16 0.75 0.76 1.01 

HSE06-SOC-vdW 0.87 0.61 0.66 1.16 1.06 0.57 
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Figure 3. Calculated DFEs with different functionals in I-rich conditions in the 2x2x1 supercell: a) 

PBE; b) HSE06-SOC; c) HSE06-SOC including D3 dispersions; d) Thermodynamic ionization 

levels calculated at the PBE, HSE06-SOC and PBE0-SOC levels of theory for the most stable 

defects. The ionization levels of the pristine supercell (P*) has been also reported in order to show 

the effects of PBE0 functional on shallow defects. In all cases both the potential alignment and 

Makov-Payne corrections (ε=24.0) have been applied to the DFEs. 
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induced destabilization of 0.19 eV reported for 5p orbitals of iodine, determining the electronic 

structure of the top of the VB, only slightly affects the calculated DFEs of defects with acceptor 

character, like Ii, VMA and VPb, which introduce holes in the VB following the general reaction A
0 

= 

A
-
 + 1h

+
.  

Concerning charged defects, the rigid down-shifts of the VB and CB after the introduction of 

SOC and self-interaction corrections through hybrid functionals leads to a 

stabilization/destabilization of positive/negative defects compared to the PBE results. By looking 

for instance to the iodine interstitial, calculated DFEs for EF=0, left side of the Fermi level range in 

the two diagrams in Figure 3a-b, a stabilization of positive interstitial of 0.23 eV and a 

destabilization of the negative interstitial of 0.48 eV is found. For charged defects the relation 

between the DFEs and the position of the VBM is explicitly formalized in Eq. 2.  

The VBM downshift obtained at the HSE06-SOC level with respect to the PBE functional is 

responsible of the destabilization/stabilization of the negative/positive defects, due to the energy 

decrease of the EF term, as calculated at the VBM. The extent of DFEs deviation cannot be easily 

predicted due to the contribution of the exact exchange to the lattice energies (see for instance 

change of DFE for neutral interstitial), but deviations almost proportional to the band edges shifts 

are reported. 

The effects on the DFEs induced by the hybrid functional has a dramatic impact on the 

thermodynamic ionization levels, Figure 3d, whose levels shift in the band gap compared with the 

PBE case. As a consequence, the (0/-) transition of interstitial iodine, shallow in the PBE analysis, 

becomes 0.30 eV deep in the band gap by HSE06-SOC. Similar effects are reported for all the 

defects showing localized spin densities at the PBE level, such as the IMA and PbI antisite defects. 

An overview of the thermodynamic ionization levels of native defects in MAPbI3 at different levels 

of theory are reported in Figure S2,  Supporting Information. 
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 It is worth mentioning that HSE06 functional provides more accurate results than PBE0 for 

thermodynamic ionization levels of shallow defects. Inaccuracies of the PBE0 functional in the 

prediction of shallow transition levels have been reported in the literature.
99

 We illustrate this point 

in Figure 3d, where the thermodynamic ionization levels of the pristine phase P*, iodine interstitial 

(deep) and shallow defects, i.e. VMA and VI, are reported as calculated by PBE0-SOC. While this 

approach delivers thermodynamic ionization levels comparable to HSE06 results for deep levels, 

such as in the case of the (0/-), (+/-) and (+/0) transitions of interstitial iodine, the long tail of the 

bare Coulomb kernel in the PBE0 functional causes an over-stabilization of partially filled 

electronic states almost resonant with the CBM and VBM, leading to an artificial deepening of the 

associated thermodynamic ionization levels in the band gap. 

Beside the effects of the functional and SOC, also the inclusion of Van der Waals 

dispersions has a sizable impact on the defects formation energies, with a different behavior 

between Pb and I-related defects, Figure 3c. While in the case of iodine-related defects interstitials 

and vacancies are stabilized and destabilized respectively, in the case of Pb-related defects the 

opposite trend is reported. The negligible dispersions contributions to the chemical potential of the 

I2 molecule in the gas phase destabilize the iodine in such form by favoring interstitials iodine in the 

perovskites lattice, where dispersions contributions are larger. On the other hand, dispersion 

corrections, as calculated in the Pb metal, tend to over-stabilize Pb ions in the metallic phase 

compared to Pb in the perovskite, by stabilizing vacancies (the opposite is reported for interstitials). 

The impact of dispersion corrections on the calculated DFEs is also related to the choice of 

chemical potentials references. As a comparison, in Figure S3 of the SI we report the effects of 

dispersion corrections on the DFEs of MAPbI3 in I-rich conditions by using as chemical potential 

reference for iodine the I2 gas molecule and the I2 in the orthorhombic solid phase. In the last case 

the impact on the DFEs is less dramatic than in the former and an overall trend to 

stabilize/destabilize interstitials/vacancies is observed.    
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4. Charge corrections and elastic effects   

Within the supercell approach the simulation of charged defects is limited by periodic interactions 

of the charges in periodic boundary conditions (PBC). The calculation of charged systems in PBC is 

problematic due to the divergence of the G=0 term in the Hartree potential. This term is usually 

neglected in the Hartree summation, as in the case of neutral systems where the term is formally 

null. In the case of charged systems, this is physically consistent with the introduction of a 

background of opposite charge in order to maintain the electroneutrality of the cell. Within this 

approach, both the background-charge and charge-charge electrostatic interactions require ad-hoc 

corrections in order to recover the infinite dilute limit, where the charges are non-interacting. 

Furthermore, in order to accurately predict the charges exchange contribution to the DFEs, i.e. the 

term qΔV in Eq. 2, a potential alignment procedure is commonly adopted between the defects and 

pristine supercells in order to align the Fermi reservoir in the two calculations. The introduction of 

the defect into the pristine supercell in fact may shift the average electrostatic of the pristine lattice 

even in regions far away from the defect and this should be taken in account when the energy of the 

VBM of the bulk phase is used in the calculation of the electrons exchange term. The shift of the 

average electrostatic potential is induced by the change in the number and type of pseudopotentials 

in the supercell simulation due to the introduction of the defect, as well as by the electrostatic 

pinning due to the localized defect charge. Due to the slow convergence of the potential term in 

charged calculations, usually the alignment term qΔV0/b is used as calculated in the shift of the 

potential in the neutral defect and pristine supercells.
84

 In order to correct the calculated DFEs of 

charge defects, several correction schemes have been proposed and in this section the accuracy of 

the most common methods, specifically the Makov-Payne
100

 (MP), Freysoldt-Neugebauer-Van de 

Walle (FNV), 
101

 and the Lany-Zunger (LZ)
85

 methods is discussed by focusing on two native 

defects in MAPbI3 in two different states of charge, namely VPb
2-

 and Ii
+
. 
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In the Makov-Payne approach the correction term is an extension of the Madelung energy for 

localized charge q in a periodically repeated cubic lattice of length L, whose expression is 

𝐸𝑐𝑜𝑟𝑟
𝑀𝑃 =

𝑞2𝛼

2𝜀𝐿
−

2𝜋𝑞𝑄

3𝜀Ω𝐿3
    (8)   

where α is the Madelung constant, ε the dielectric constant of the pristine bulk, Q the quadrupole 

moment of the charge distribution and Ω the volume of the cell. The first term in Eq. 8 represents 

the Madelung energy of an ideal point charge within a neutralizing background, while the second 

term represents the interaction of the quadrupole moment of the charge with the background. Due to 

the different scaling behavior of the two terms in Eq. 8, i.e. the first and second terms scale with L
-1

 

and L
-3

 respectively, the second term has a minor (although sizable) contribution to the total energy 

correction term and is rarely applied. The difficulty in the definition of the quadrupole moment of a 

periodic system and of the localized charge density shape around the defect further limit its use and 

thus in our discussion it is neglected. In the LZ approach the Madelung term is further reduced to a 

fraction of 0.65 of the first MP term. Such an approach is formally justified in the original work by 

showing a better accuracy compared to the original MP correction.
85

 Both the MP and LZ 

corrections are the simplest correction that can be applied in the calculation of DFEs of charged 

defects, in conjunction to the shift correction ΔV0/b of the potential induced by the defect. This last 

term is evaluated by averaging the electrostatic potentials of the neutral defect and pristine 

supercells in a region sufficiently distant from the defect. The partial ambiguity of this approach is 

removed in the FNV approach, where an exact formulation of the electrostatic corrections and 

potential shift in periodic lattices is formalized through the introduction of a model charge potential 

and its comparison with the DFT potential calculated in the supercell. The FNV correction is 

expressed as
101

 

𝐸𝑐𝑜𝑟𝑟
𝐹𝑁𝑉 =  𝐸𝑙𝑎𝑡 − 𝑞Δ𝑉𝑞/𝑏    (9) 
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where Elat corresponds to the MP electrostatic correction for the model charge distribution, usually a 

gaussian charge, and  

Δ𝑉𝑞/𝑏 = (𝑉𝑞
𝐷𝐹𝑇 − 𝑉𝑏𝑢𝑙𝑘

𝐷𝐹𝑇) − 𝑉𝑚𝑜𝑑  (10) 

is the difference between the DFT potential difference of the charged and pristine system 

(V
DFT

=Vq
DFT

-Vbulk
DFT

) and the potential of the model charge V
mod

 in a region far away from the 

defect in the supercell. Compared to the MP corrections, the FNV scheme allows one to tune the 

model charge expression in order to reproduce the long range behavior of the charged defect in a 

dielectric medium depending on the localization nature of the defect, by providing  more accurate 

results. The FNV scheme also provides a formally exact definition of the potential alignment term 

ΔV of charged defects in Eq. 2, although its use is limited due to the difficulty in the  determination 

of the VDFT term due to the noise introduced by structural relaxation of the lattice.  

All the methods described above require the definition of the dielectric constant of material, 

which is a critical parameter to estimate the screening of the defect charge by the electronic and 

lattice polarization.  As discussed below, the application of these schemes to the corrections of 

DFEs of frozen defects, i.e. without relaxing the structure upon defect formation, is straightforward 

and the use of the high frequency dielectric constant, ε(∞), leads to satisfactory results. The high 

frequency dielectric constant can be calculated by density functional perturbation theory (DFPT)
102

 

or by applying finite field perturbation methods. On the other hand, the use of the static dielectric 

constant ε(0), where the contribution of  the relaxation of the lattice to the dielectric constant is 

taken in account,
103

  is  more appropriate for the corrections of DFEs in the case of practical interest 

in which the structure is also relaxed.
84

 

In Figure 4b-c and 4e-f the accuracy of the above mentioned methods in the corrections of the 

defects formation energies of VPb
2-

 and Ii
+
 defects, both in the unrelaxed (NR) and relaxed cases 

(R), is illustrated. The DFEs of these defects have been calculated in increasing size supercells:  



27 

 

Figure 4. a) Potential profile of the DFT potentials difference V
DFT

, of a model Gaussian charge 

V
mod

 and the respective difference ΔVq/b for the unrelaxed VPb
2-

; Electrostatic corrections within 

different corrections schemes for  b) Unrelaxed VPb
2-

 (NR); c) Relaxed VPb
2-

 (R); d) Potentials 

profile of the frozen Ii
+
 defect; e-f) Correction for unrelaxed and relaxed Ii

+
, respectively; f) (w/o = 

non corrected, PA = potential alignment, MPPA= Makov Payne with PA, FNV=Freysoldt-

Neugebauer - Van de Walle, LZ = Lany-Zunger). 

 

2x1x1, 2x2x1, 2x2x2, 3x2x2 and 3x3x2 supercells, with 96, 192, 384, 586 and 764 atoms 

respectively and by using  k-points grids of 2x4x2, 2x2x2, 2x2x1, 1x2x2 and  in the Brillouin 

zone (BZ), respectively. In the diagrams the uncorrected formation energies have been compared 

with corrected energies following the different schemes, in order: potential alignment (PA), MP + 

PA (MPPA), LZ and FNV. In all cases the relative variations of the DFEs with respect to the 
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smallest supercells are reported vs. 1/V
1/3

, where V is the volume of the supercells. The infinite 

dilute limit to the corrections have been evaluated by fitting the values of uncorrected formation 

energies with functions of the form L
-1

 + L
-3

. Here, the extrapolation procedure is complicated by 

the non-cubic symmetry of the tetragonal MAPbI3 cell and by the non-isotropic change of the 

Madelung constant across the differently shaped supercells. In the case of relaxed defects elastic 

contributions across different sized supercells may also affect extrapolated values, although only 

minor effects are expected (see discussion below). In order to avoid elastic effects, we extrapolated 

only the last four points in the case of relaxed VPb
2-

 (see Figure 4c), while we did not apply the 

extrapolation procedure in the case of relaxed Ii
+
 (see Figure 4f) where the last three points are 

indicative of a converged energy of formation (within the limits of accuracy of the functional).  

By looking at Figure 4, a slow convergence of the electrostatic potential by increasing 

supercells size is reported for both frozen and relaxed defects. The origin of such behavior is not 

trivial and likely resides in the electronic structure of the modelled defects and in the number and 

nature of the  pseudopotentials added or removed in order to form it. PA corrected results are 

underestimated with respect to the extrapolated value in frozen defects, while for relaxed defects the 

potential alignment procedure provides sufficiently converged results starting from the 2x2x2 

supercell. The MP, LZ and FNV corrections have been applied to frozen defects by using the 

infinite frequency dielectric constant ε∞ of MAPbI3 calculated by the DFPT method at the PBE 

level, i.e. 5.7. In order to show the adequacy of this approach we report in Figure 4a-d the plot of 

the calculated potential difference between the frozen charged defect and pristine supercells V
DFT

, 

the potential of a Gaussian model charge in a dielectric medium with ε=5.7 V
mod

 and their 

difference ∆Vq/b. This procedure is adopted in the FNV scheme in order to verify the goodness of 

the modelled charge in the electrostatic correction and to estimate an accurate value of the potential 

shift between the charged and pristine supercell. As it can be seen, in the two cases the long range 

part of the calculated DFT potential is well reproduced by the model charge and their difference 
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simply provides the shift in the electrostatic potential not directly induced by the charge, i.e. ∆Vq/b. 

This last term is then used in order to align the Fermi energy between the defect and pristine 

calculation. 

Among the MPPA, LZ and FNV schemes, the last two schemes show a faster convergence 

toward the extrapolated value by increasing the supercell size, while a slower convergence and an 

overestimation of the DFEs are reported for the MPPA scheme. The calculations of the DFEs of 

unrelaxed defects are however useless and the relaxation of the lattice upon formation of the defect 

should be accounted in order to provide accurate values. In this regard the application of the FNV 

corrections is somehow limited, due to the difficulty in the determination of the DFT potential 

difference far away from the defects which appears noisy due to the relaxation of the ions. In our 

approach the potential alignment term ∆Vq/b has been evaluated by averaging the potential 

difference in a region far from the defect.  By looking at  Figure 4c and 4f, it is shown that the 

corrections to the DFEs of relaxed defects through the MP schemes are largely overestimated when 

the ε(∞) dielectric constant is used, due to the contribution to the dielectric constant introduced by 

the relaxation of the lattice. The use of the static dielectric constant ε(0)= 24.0, although improving 

the quality of the corrected energies with respect to extrapolated results, tends to overestimate the 

energy correction, particularly in small supercells. In the cases of relaxed defects the better 

agreement between corrected and extrapolated values is achieved by only adopting the potential 

alignment term, taking care of performing calculations in the 2x2x2 supercell. Beside charge 

corrections, elastic effects may also have a large impact on the calculated DFE in supercells smaller 

than 2x2x2. In order to show these effects in Table 3 the DFEs of a selected list of neutral defects 

calculated at the PBE level in I-rich conditions have been reported as calculated in the 2x2x1 and 

2x2x2 supercells.  
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Table 3. DFEs of a selected list of relaxed neutral defects calculated at the PBE level (no 

dispersions) in I-rich conditions in the 2x2x1 and 2x2x2 supercells. For Ii in parenthesis the value 

calculated in the 3x3x2 supercell is reported. 

DFE(eV) VPb Ii VI MAi 

2x2x1 0.01 0.80 2.14 2.93 

2x2x2 0.01 0.49 (0.54) 2.09 2.91 

 

While most of the defects show converged values already in the 2x2x1 supercell, in the most critical 

case, the Ii interstitial is stabilized by ~0.31 eV going from the 2x2x1 to 2x2x2 supercell. This 

suggests that in order to avoid elastic effects in the evaluation of DFEs, calculations should be 

performed at least in 2x2x2 supercells of the tetragonal phase or in comparable supercells for cubic 

and orthorhombic phases. 

5.1 Defect chemistry of MAPbI3  

Summarizing the previous results, an accurate estimation of DFEs in lead halide perovskites 

requires: i) high level DFT calculations based on hybrid functionals with the inclusion of spin-orbit 

corrections; ii) the use of fairly large supercells, e.g. 2x2x2 supercells. Technical precaution i) 

allows to correctly estimate both lattice energies and the electronic exchange terms in Eq. 2 due to a 

quantitative description of the electronic structure of the perovskite. On the other hand, precaution 

ii) provides sufficiently converged results after applying PA and electrostatic corrections to the 

DFEs and avoid elastic effects related to lattice relaxation in the defects supercells. Electrostatic 

corrections based on the MP, LZ and FNV schemes in combination with PA corrections only 

slightly improve results in large supercells due to the high static dielectric constant of the perovskite 

(ε=24.0), while they tend to overestimate corrections in small/medium supercells. The use of PA 

corrections alone provides sufficiently converged results starting from the 2x2x2 supercell.  
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Based on these considerations, in this last section we provide an overview of the main 

defects properties of the MAPbI3 perovskite, as calculated in the 2x2x2 tetragonal supercell by 

using the HSE06-SOC functional (α=0.43) and by only applying the potential alignment term.  

Dispersion corrections have been also added a-posteriori according to the DFT-D3 method of 

Grimme.
104

 In Figure 5a-c we report the calculated DFEs in I-rich, I-medium and I-poor conditions; 

the thermodynamic ionization levels diagram is shown in Figure 5d; and the optimized structures of 

a selected list of defects are reported in Figure 5e.  

 Figure 5. a) Calculated DFEs at the HSE06-SOC (α=0.43) level by including dispersion 

corrections through the DFT-D3 method (a posteriori correction) in a) I-rich (point A); b) I-medium 

(point B) and c) I-poor (point C) conditions. DFEs have been calculated in the 2x2x2 supercell by 
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applying PA corrections.  d) Thermodynamic ionization levels of the most stable defects. e) 

Structures of a selected list of defects. 

 

Under I-rich conditions conditions the most stable defects in the perovskite are positive Ii
+
 

interstitials and lead vacancies, which pin the Fermi level at 0.27 eV above the VBM. In its positive 

charged state Ii
+
 is bonded to other two iodines to form a trimer with bond lengths of 2.95 Å, Figure 

5e. This defect is stable in the p-region of the diagram and can trap electrons through the (+/0) deep 

transition placed at 0.86 eV above the VBM, Figure 5d. Upon the electron trapping process the 

positive trimer undergoes a large lattice relaxation by forming the neutral Ii, where two iodines are 

bonded at a distance of 3.26 Å in a I2
-
 dimer. The neutral trapped interstitial is however metastable, 

by showing a barrier to recombination.
13

 Lead vacancies are stable in the neutral and doubly 

negative charged forms and are among the most stable defects in all conditions of growth of the 

perovskite. Although the migration barrier for this defect is relatively high ( > 1 eV),
60

 the low 

energy of formation in all environment conditions highlights the tendency of the perovskite to 

release metal lead under intense irradiation or at high temperature, as already observed in XPS 

experiments.
32

 In the negative vacancy, the Pb ion leaves its lattice position with a consequent 

outwards relaxation of halide ions at distances > 6 Å, Figure 5e. Interestingly, at low Fermi energies 

lead vacancies decompose to give a positive interstitial and an halide vacancy, following the 

reaction  VPb
2-

 + 2h
+
 = VPb

0
 = VPb

2-
+ Ii

+
 + VI

+
, Figure 5e. The (0/2-) thermodynamic transition is 

placed at 0.30 eV above the VBM, while a shallow (-/2-) and deep (0/-) transitions are reported in 

the thermodynamic ionization diagram for this defect. The (0/2-) and (0/-) transitions, although 

deep in the band gap have only a limited trapping activity: the first due to the low cross section of 

the two-electron trapping process, while the second transitions can act by charge trap only in 

heavily p-doped conditions, where the neutral VPb (I trimer) is stable. 
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In I-medium conditions of growth the most stable defects are methylammonium interstitials 

MAi
+
 and lead vacancies VPb

2-
, as well as negative Ii

-
, which pin the Fermi level of the system at 

0.61 eV above the VBM. The calculated native Fermi value for MAPbI3 highlights that the 

perovskite tends to growth mightly p-doped. Methylammonium cations are stable only in the 

positive charged states along the overall Fermi level range, by showing a shallow (+/0) transition 

occuring within the CB. The cation occupies interstitials positions on the facets of the Pb-I6 

octahedra in the lattice, Figure 5e,  with relatively low energies of formation, 0.49 eV. Negative 

iodine interstitials Ii
-
 are weakly bonded to form iodine dimers at distances > 3.80 Å, Figure 5e. 

Such defects can trap holes through the (0/-) transition placed at 0.18 eV above the VBM, by 

providing neutral interstitials in the form of I2
-
 dimers. In this case however, the small lattice 

rearrangement within the trapping process and the overlap between vibronic states of the negative 

and neutral interstitials favor a relatively fast emissive decay of the hole from the defects.
13

 

Similarly to I-medium conditions, also in I-poor conditions the most stable defects are MAi
+
, VPb

2-
 

and Ii
-
, which pin the Fermi level to the n-region of the diagram. Other defects such as VI

+
, Pbi

2+
 

and VMA
- 
show higher formation energies in all conditions of growth with shallow ionization levels 

and likely play a minor role in the defects chemistry of bulk MAPbI3.  

The analysis of the defects formation energies and thermodynamic ionization levels 

diagrams of MAPbI3 highlights that potential recombination centers in the perovskite are related to 

iodine defects, in the form of interstitials Ii (+ and -) and, to  minor extent, lead vacancies. These 

defects introduce deep levels in the band gap with calculated densities in I-medium conditions of 

10
10

-10
13

 cm
-3

, in good agreement with experiments performed on single crystal MAPbI3.
16

 

Antisites defects IMA also show similar trapping properties of iodine interstitials and lead vacancies 

(see Figure S2 in SI), with the neutral charged form assuming the configuration of the iodine trimer 

and the 2- negative charged state a configuration similar to Ii
-
. The intermediate charged forms of 

these three defects being always the I2
-
 dimer.  
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The similar configurations assumed by iodines in Ii, VPb and IMA defects centers in their 

different oxidation states highlight that the photo-chemistry of charge traps in MAPbI3 is dominated 

by the redox chemistry of iodine.
13, 105

 Furthermore, the large lattice rearrangements involved in the 

conversions among the different oxidation states, as a consequence of charge trapping processes, 

may lead to the formation of metastable trapped centers, partially inactivating non-radiative 

recombination channels in the perovskites, as discussed by us in the case of positive iodine 

interstitial.
13

 

5.2 Effects of the environment  

The calculated DFEs and ionization levels also deepens our knowledge of the defects chemistry 

when the perovskite interacts with the environment, particularly regarding the activity of charge 

traps. As an example, in Figure 6, a schematic of two possible mechanisms of PL quenching (PLQ) 

and enhancement (PLE) induced by exposure of MAPbI3 to I2 and O2 gas, respectively, is 

reported.
80, 81

    

The exposure of MAPbI3 to moderate pressure of I2 gas induces: i) the formation of metallic 

Pb, as revealed by XPS experiments;
37

 ii) a PL quenching;
36

  iii) an irreversible p-doping of the 

perovskite with an increased holes conductivity. 
38, 39

 A microscopic interpretation of these effects is 

possible by the analysis of the energetics of incorporation of I2 within the MAPbI3 lattice and the 

study of the DFE diagram of the perovskite in equilibrium with gaseous I2.  

Based on DFT calculations, a general instability of the I2 molecule both in the bulk and on the 

surface of MAPbI3 is reported.
80

 Specifically, I2 spontaneously dissociates on iodine vacancies to 

form positive interstitials, following the reaction I2 + VI
+
 = II + Ii

+
, with a favored energy of -0.39 

eV (PBE) in the bulk MAPbI3. Besides the vacancies saturation path, further interactions with 

lattice iodines leads to the dissociation of the molecule to form Ii
+
 / Ii

-
 couple interstitials, i.e. I2 = Ii

+
 

+ Ii
-
 (see Figure 6a-b), with calculated PBE energies of 0.40 eV and -0.73 eV in the bulk and on the 

PbI2-terminated (001) surface, respectively.
80

 The analysis of the DFE diagram calculated in I-rich 
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Figure 6. Two proposed mechanism of PL quenching (PLQ) and enhancement (PLE), involving 

defects of MAPbI3 in interaction with I2 and O2 gas.
80, 81

 a) Initial structure of the I2 molecule in the 

bulk MAPbI3 lattice and b) equilibrium geometry configuration showing the formation of Ii
+
 / Ii

-
 

couple; c) DFE diagram of MAPbI3 in equilibrium with I2 gas, i.e. μI = ½ μ(I2), calculated in the 

2x2x1 supercell at the HSE06-SOC level, by including dispersion corrections and translational 

entropy in the iodine chemical potential at room temperature; d) Equilibrium geometry of negative 

iodine interstitial and e) geometry of the IO3
-
 species, the product of oxidation of interstitial in the 

bulk MAPbI3; f) the thermodynamic ionization levels of the Ii
-
 and IO3

-
 defects calculated in the 

2x2x1 supercell at the HSE06-SOC level, dispersion included. 

 

conditions (Figure 6c), simulating MAPbI3 in equilibrium with I2 gas at room temperature, also 

confirms this picture by indicating that most stable defects in these conditions are Ii
+
 and VPb

2-
, 

which pin the Fermi level to lower values compared to the intrinsic perovskite, indicating a p-
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doping.
80

 These results confirm that the exposure of MAPbI3 to I2-rich environment leads to the 

spontaneous incorporation of iodine into the perovskite to form positive interstitials Ii
+
 and lead 

vacancies VPb
2-

, with parallel nucleation of metallic Pb. The observed PL quenching is thus induced 

by the increased densities of Ii
+
 charge traps in the perovskite and the irreversible p-doping likely 

associated to the formation of compensating VPb
2-

 defects. Interestingly, the Ii
+
 / Ii

-
 couple is not 

stable under light irradiation conditions, when both electrons and holes are trapped on the center. 

By simulating the lowest triplet state of the couple on the (001) surface of MAPbI3, a release of I2 

from the surface is observed, with a spontaneous energy of -0.19 eV (PBE). This may represent an 

additional path of defects curing in the perovskite.
80

  

The exposure of MAPbI3 to moderate quantities of dry oxygen, on the other hand, leads to 

an enhancement of the PL (PLE), as reported by several experiments.
43-49

 The reversibility of the 

process suggests a weak interaction of O2 with the charge traps of the perovskite, likely leading to 

their passivation. The interaction with O2 however is a complex process, and can also induce a 

degradation of the perovskite through the formation of superoxides species assisted by light.
82

  

The beneficial effect of oxygen on the PL can be investigated by simulating its interaction 

with charge traps, in particular negative iodine interstitials which can trap holes through the (0/-) 

transition, leading to radiative recombination processes. The oxidation of negative iodine 

interstitials Ii
-
 mainly leads to the formation of typical hypoiodite, iodite and iodate compounds, i.e. 

IO
-
, IO2

-
 and IO3

-
. The formation of these species is only slightly thermodynamically favored, with 

calculated PBE energies of 0.02, 0.13 -0.05 eV, respectively, highlighting that such reactions are 

partially reversible.
81

 Furthermore, besides the oxidation of interstitials, oxidation of the lattice 

iodines can also take place, although this process is less favored than the former.
81

 Among the 

aforementioned reactions, the formation of iodate, i.e. Ii
-
 + 3/2 O2 = IO3

-
 (see Figure 6e) is the most 

favored reaction and likely IO3
- 

is the most stable defect product forming upon exposition of 

MAPbI3 to O2-rich environment. The effect of the oxidation of interstitials defects on the PL 
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properties can be investigated by the analysis of the deep (0/-) transition responsible of the charge 

trapping on the center. The oxidation of iodine interstitial to form IOn
-
 induces a shallowing of the 

(0/-) transition, that shifts down 0.25 eV toward the VB as reported for the IO3
-
 defect (see Figure 

6f), by reducing the trapping activity of the defect.
81

 By our model thus we predict a reversible 

passivation of iodine traps through the formation of iodate species in the lattice associated to an 

increase of the PLQY of the perovskite.  

6. Concluding remarks  

In summary, an analysis of the technical issues commonly encountered in the DFT modelling of 

defects in lead halide perovskites has been carried out. Our discussion, focused on the prototype 

MAPbI3 perovskite, highlights that for an accurate prediction of the defects properties of these 

materials traditional semi-local functionals, such as PBE, are largely insufficient and high level 

DFT calculations with hybrid functionals and SOC corrections are required. These methods, besides 

providing a more accurate electronic structure of the perovskite, also have a large impact on the 

defects geometries. In this regard, while full hybrid functional relaxation procedures are 

computationally impractical, the use of opportunely tailored LDA+U+SOC procedures or a careful 

check of the geometries at the hybrid level by performing single points calculations at different 

geometries can be the solution. 

Among hybrid functionals, the use of screened coulomb kernel functionals, such as HSE06, 

should be the preferred choice over full coulomb kernel functionals such as PBE0, particularly for 

shallow defects. The use of screened hybrid functionals in their original implementation however 

can lead to unsatisfactory results in the electronic description of perovskites, and the exchange 

fraction should be increased in order to retrieve a band gap more comparable with benchmark GW 

calculations (and experiments). While an increased fraction of exchange does not affects the basic 

thermodynamics of perovskites, a problem arises when extrinsic elements are modelled within the 

perovskites, such as in the case of extrinsic doping. In these cases, the overall effects of the 
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increased exchange on the thermodynamics of formation is not clear and further studies aimed to 

confirm the goodness of this approach should be performed. Furthermore, the use of hybrid 

functionals in conjunction with norm-conserving pseudopotentials and plane waves can lead to 

unsatisfactory results if partially complete semi-core states are included in the valence. These 

results suggest the use of norm-conserving pseudopotentials with complete semi-core shells in the 

valence or, where possible, the use of all-electrons or PAW methods.  

We also discussed convergence issues in the calculation of the defects formation energies, 

by comparing the performance of commonly employed correction schemes. In this regard, the high 

dielectric screening of the lattice strongly reduces the periodic interactions of charged defects in the 

supercell approach and potential alignment procedures are sufficient in order to have accurate 

DFEs, provided that calculations are performed in medium/large supercells.  

Finally, we discussed the defect properties of MAPbI3 by using a converged computational 

strategy. The results show that the defect chemistry of MAPbI3 is dominated by the typical iodine 

redox chemistry, as exemplified by the defect properties of interstitial iodine. As such, we expect 

quantitative differences by changing the halide in e.g. MAPbBr3, although the underlying chemistry 

should remain similar. The lack of strong directional preference for lead-halide bonds makes Pb-

based defects less relevant for trapping.  

We believe this study will serve as useful reference for further defect calculations on lead-

halide perovskites.          

Computational details 

All defects calculations throughout the work have been carried out in the tetragonal phase of 

MAPbI3, by fixing the cell parameters to the experimental values, i.e. a = b = 8.849 Å, c=12.642 Å.
2
 

PBE calculations have been performed by using ultrasoft pseudopotentials with a cutoff on plane 

waves of 40 Ryd (320 Ryd on the charge density), while hybrid calculations were performed at the 
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PBE geometries by using norm-conserving pseudopotentials and a cutoff of 40 Ryd on the 

wavefunctions (160 Ryd on the charge density). To reduce the computational effort the cutoff on 

the Fock grid has been reduced to 80 Ryd, without sizable impact on the total energies and 

preserving the good convergence of calculations. 1x1x2 and Γ-only k-points grids in Brillouin zone 

were used for the 2x2x1 and 2x2x2 supercells, respectively. All calculations have been carried out 

by using the Quantum Espresso package.
106

  Dispersion corrections have been applied to defects 

formation energies a-posteriori on the PBE geometries by using the DFT-D3 code of Grimme.
104

 

The 22 electrons norm-conserving pseudopotential used in hybrid calculations has been generated 

by using the ONCV code,
107

 while FNV corrections to the DFEs have been applied by using 

Freysoldt’s code.
101

 

Supporting Information available: The Supporting Information is available free of charge on the 

ACS Publications website.  

Band edges and band gaps of MAPbI3 calculated at the hybrid level with norm-conserving 

pseudopotentials and PAW method; effects of increased exchange fraction on a selected list of 

thermodynamic quantities; comparison of thermodynamic ionization levels of native defects in 

MAPbI3 at different levels of theory; effects of the iodine chemical potentials on the DFEs with and 

w/o dispersion corrections.   
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Quotes to highlight in paper: 

“a quantitative prediction of the band edges is essential in order to estimate accurately the electronic 

term in Eq. 2” 

“The effects on the DFEs induced by the hybrid functional has a dramatic impact on the 

thermodynamic ionization levels, whose levels shift in the band gap compared with the PBE case.” 

“an accurate estimation of DFEs in lead halide perovskites requires: i) high level DFT calculations 

based on hybrid functionals with the inclusion of spin-orbit corrections; ii) the use of fairly large 

supercells” 

“the photo-chemistry of charge traps in MAPbI3 is dominated by the redox chemistry of iodine.” 

 


