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Abstract 

 

Self-trapping of excitons or of free charges associated with the formation of color centers is typical of 

conventional halides. By analogy, lead halide perovskites could in principle show self-trapping of 

photogenerated charge carriers, possibly leading to defect formation and long-term material instability. 

Here we investigate the energetics of hole self-trapping in methylammonium lead iodide (MAPbI3) by 

performing first-principles electronic structure calculations. The thermodynamics and kinetics for the 

formation of bridging I2
– dimers and iodine vacancy/I3

– trimer Frenkel defects, originated by self-trapping of 

one and two holes, respectively, are investigated both in the bulk and at selected surfaces, in both pristine 

and defective systems. Our results indicate that hole self-trapping is unlikely to occur in the bulk, being 

thermodynamically unfavorable with associated high-energy barriers. Self-trapping remains unfavorable at 

surfaces, though it is significantly stabilized compared to the bulk. The inclusion of typical hole-trapping 

defects, such as the lead vacancy and the interstitial iodine, further stabilizes the formation of color 

centers, which eventually become stable for the PbI2-terminated MAPbI3 surface. Overall, our results clearly 

indicate that surfaces and grain boundaries are the main instability sources in lead iodide perovskites and 

that tailoring surface passivation is crucial for improving the performance and long-term stability of devices 

based on lead halide perovskites. 
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Introduction 

The exceptional optoelectronic properties exhibited by lead halide perovskites (LHPs) have created 

significant excitement for the immediate potential applications in photovoltaics but have attracted, at the 

same time, significant interest from a basic science point of view due to their elusive nature.(1−4) While 

photoconversion efficiencies of solar cells based on optimized LHP compositions have rapidly exceeded 

25%,(5) achieving a global comprehension of the fundamental physics associated with these excellent 

performances has proven to be quite challenging for both experimental and theoretical models.(6,7) In this 

regard, the fate and dynamics of photogenerated charge carriers remain the main issue to be investigated. 

In this context, the formation of spatially separated hole and electron polarons in LHPs,(8,9) due mainly to 

the distortions in the soft inorganic lattice,(10−12) has provided hints about some of the outstanding 

properties of LHPs,(11−13) such as the slow bimolecular recombination coefficients,(11−15) the low 

mobility of charge carriers,(14) and the defect tolerance.(15)(−22) Notwithstanding the recent progress, the 

description of some features regarding the trapping of photogenerated charge carriers remains 

controversial. In particular, LHPs belong to the vast family of halides for which the appearance of so-called 

self-trapped excitons (STEs) and the consequent formation of color centers(23) are widely documented, 

e.g., in alkaline and alkaline-earth halides.(23−25) This phenomenon, eventually leading to the trapping of 

electrons and holes on halide vacancies and interstitials, respectively, is traditionally described as being 

initiated by the formation of a metal (M)-bridging X2
– dimer upon trapping of a photogenerated 

hole.(26) This defect, called a V center, involves the interaction and the displacement from their lattice sites 

of a neutralized halide and a X–.(26) Analogously, the interaction of an interstitial and a lattice halide leads 

to the formation of a so-called H center.(25) It is therefore tempting to explain some of the electronic 

properties of LHPs by invoking the occurrence of STEs, in analogy with other halides.(27) In particular, the 

formation of STEs localized on I2
– dimers in MAPbI3 (MA = methylammonium) has been proposed by 

electronic structure calculations.(28,29) It was suggested that the measured high diffusion length of holes 

in MAPbI3 could be associated with such self-trapped holes, on the basis of shallow trapping and of the low-

energy barriers estimated for the hopping of the defect.(28) The formation of Pb-bridging I2
– dimers was 

also proposed as an active mechanism of charge trapping in CsPbI3.(27) A possibly related self-trapping 

phenomenon was further proposed, which involved the formation of an iodine Frenkel defect (IFD), i.e., 

formation of an interstitial/vacancy Ii
+/VI

+ couple, under hole-rich conditions.(30) The proposed mechanism 

involves the displacement of a lattice iodine from its position and the simultaneous formation of positively 

charged I vacancy and I interstitial, upon trapping of two holes.(30) Despite being thermodynamically 

feasible, this mechanism requires a very high concentration of holes,(30) although it is worth being 

considered as it may represent a perovskite degradation pathway. Moreover, the observed photoinduced 

degradation of MAPbI3 has recently been explained in terms of a bimolecular reaction that involves the 

formation of I2 from Pb-bridging I2
– dimers and has been found to be viable only at a high concentration of I 

interstitials.(15,31) While this result suggests that hole-trapping processes in bulk MAPbI3 are mainly 

mediated by impurities, the possibility of self-trapping at the surface of MAPbI3 has not yet been 

addressed. In this regard, it has been proposed that instability and charge loss in perovskite-based solar 

cells may be related to surface effects,(32,33) the surface trap density was actually found to be ≤2 orders of 

magnitude larger than that of the bulk material, and the diffusion length of charge carriers was noticeably 

shorter.(34) Therefore, it is relevant to understand whether charge trapping at the surface of halide 

perovskites is unavoidable because of self-trapping or if it can be mediated only by defects (cf. 

refs (31) and (35)), which, instead, can be reduced and passivated by chemical treatments or hindered 

through doping and alloying.(31,36−45) 

In this paper, we investigate through advanced electronic structure calculations the possible sources of 

charge self-trapping in MAPbI3, both in the bulk and at representative surfaces. We note that self-trapping 

of one electron at a MAI-vacant MAPbI3 surfaces was calculated to be moderately unfavorable (by 0.10 

eV).(35) Similarly, two-electron trapping at iodine vacancies, previously envisaged through the formation of 
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a Pb2
2+ dimer,(46) was found to be unstable.(47) On the basis of this background, here we focus on the 

thermodynamics and kinetics of hole trapping. We find that both the formation of a Pb-bridging I2
– dimer 

and that of IDFs are implausible for the bulk phases as they are thermodynamically and kinetically impeded 

in pristine tetragonal and orthorhombic MAPbI3. When considering the MAPbI3 surface, we notice that the 

MAI-terminated surface, corresponding to full surface passivation, is even less supportive than the bulk 

material with respect to the formation of these moieties. In contrast, self-trapped holes are partly stabilized 

only when occurring at a PbI2-terminated surface, representative of a fully unpassivated surface. This 

suggests that passivation of undercoordinated Pb sites is crucial to prevent possible endogenous 

degradation pathways. Furthermore, we observe that the inclusion of commonly encountered defects in 

MAPbI3, such as Pb vacancies and I interstitials, aids the stabilization of hole-trapping species and lowers 

the energy barriers associated with their formation. We verify that MAPbI3 degradation under hole-rich 

conditions, commonly associated with the ejection of molecular iodine from the surface, can occur when 

PbI2 layers are (partially) exposed to the surface. Therefore, this phenomenon can be avoided by 

appropriate surface treatment. Our results highlight the key role of surface properties in determining the 

performance and long-term stability of devices based on lead halide perovskites. 

Methods 

To provide an accurate representation of the electronic and trapping properties of MAPbI3, we resort to 

high-level calculations at the hybrid functional level of theory. In particular, we carry out hybrid density 

functional theory (DFT) calculations at the PBE0+rVV10 level of theory.(48−51) The fraction of Fock 

exchange α is kept fixed at its original value (0.25), as it has been found to comply with the Koopmans 

condition(52) for MAPbI3, thus ensuring that the calculations are not biased by the self-interaction 

error,(11) which would alter the energetics of the system. We include nonlocal van der Waals interactions 

through the rVV10 scheme, in which the b parameter governing the extent of long-range interactions is set 

to its original value of 6.3.(50,51) All calculations are carried out with the freely available CP2K suite of 

codes.(53) Goedecker–Teter–Hutter pseudopotentials are used to account for core–valence 

interactions.(54) We use double-ζ polarized basis sets for the wave functions(55) and a cutoff of 300 Ry for 

the expansion of the electron density in plane waves. We employ the auxiliary density matrix method to 

accelerate the calculation of exact exchange in hybrid functional calculations as implemented in CP2K with 

the cFIT auxiliary basis set.(56) Spin-polarized calculations are performed on systems bearing an odd 

number of electrons. 

We do not include spin–orbit coupling (SOC) in the calculations here reported. While significantly 

contributing to the electronic properties of lead halide perovskites(57,58) the effect of SOC on valence 

band-edge states is rather limited.(47) This ensures that the properties of hole polarons, which originate 

from the valence band, are properly captured by our computational approach. Nevertheless, the effects of 

SOC on the energetics of hole-trapping species in the orthorhombic phase of MAPbI3 have been 

investigated and found to be exiguous (cf. the Supporting Information for details of the calculations and of 

the models employed), in accord with previous studies.(47,59) 

Calculations of energy barriers are carried out using a modified version of the linear transit 

method(60) previously employed in ref (12). The coordinates of the structures, Ri and Rj, are linearly 

interpolated(60) according to the expression Rλ = λRi + (1 – λ)Rj, where λ is the coupling parameter 

connecting the two models. The initial and final models (Ri and Rj, respectively) are obtained by relaxing 

both MA cations and the inorganic lattice. For the Rλ structures obtained by linear interpolation of 

coordinates Ri and Rj, we follow a procedure ideated and tested in ref (12) to calculate energy barriers from 

structural configurations achieved from molecular dynamics simulations at room temperature. Because the 

linear interpolation of the coordinates of freely rotating cations can yield highly energetic structures, 

the Rλ coordinates of MA cations are relaxed while keeping fixed the intermediate Rλ coordinates of the 

inorganic lattice, instead of just relaxing the wave function, as in the standard linear transit method. We 
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note that in the case of 0 K calculations, like those performed herein, the displacement of MA cations 

between reactants and products is exiguous, and therefore, the unmodified linear transit method is 

actually sufficient to produce accurate results. Indeed, by relaxing MA cations in Rλ, we achieve energy 

differences of <0.01 eV with respect to the unrelaxed Rλ systems. 

Results and Discussion 

We first consider the introduction of a single hole in tetragonal MAPbI3. To sample the possible hole 

localization induced by thermal disorder, we analyze the first peak of the I–I radial distribution function 

[gII(r)] obtained by 8 ps hybrid-DFT molecular dynamics simulations performed in the presence on an extra 

hole (cf. Figure 1a).(11,12) A majority of the recorded I–I distances are not compatible with the formation 

of the I2
– dimer, whose equilibrium length is 3.3 Å. The small tail in gII(r) appearing below 3.5 Å represents a 

few of the shorter distances that occur during the MD simulation. By analyzing the I–I distances for each 

sampled configuration, we find that I–I distances of ≤3.5 Å represent ∼5% of the total configurations 

sampled during the MD and correspond to two lattice iodines bound to the same Pb moving closer 

together. We then analyze the hole localization for the structural configuration in which the shortest I–I 

distance is recorded throughout the entire simulation. The hole is found as a polaron on a PbI2 plane 

(cf. Figure 1b), in line with what is observed during the molecular dynamics,(11,12) thus indicating that no 

hole localization on this transiently formed I2
– dimer actually takes place. 

Figure 1 

 

Figure 1. (a) I–I radial distribution function in tetragonal MAPbI3 as achieved from an 8 ps molecular 

dynamics simulation of the system with an extra hole. (b) Isodensity representation of the hole wave 

function for the structural configuration featuring the shortest I–I distance (3.35 Å, highlighted with a red 

circle). The tetragonal axis lies horizontally. 

Because localization of a positive charge with formation of an I2
– dimer might involve an energy barrier, this 

could prevent us from observing this event on a picosecond time scale of ab initio molecular dynamics 

simulations, despite the occurrence of configurations with shortened I–I bonds. For this reason, we 

performed “static” electronic structure calculations exploring the potential energy surfaces of different 

models of bulk MAPbI3 and of related surfaces (cf. the Supporting Information for the details of the 

considered models). For each system, we calculate the total energy differences between pristine models 

with an extra hole and those bearing an I2
– dimer (vide infra). We first consider the most stable structural 

model of tetragonal MAPbI3, corresponding to an ordered arrangement of the MA cations.(61) On this 

model, we perform two different calculations. (i) We inject an extra hole and relax the structure, and (ii) we 

move two iodine atoms at a bond length of 3.3 Å to create an I2
– dimer (i.e., a V center) and relax the 

structure with an extra hole. For the former, the hole is found to be delocalized as no hole polaron can be 

formed in the absence of a localizing field induced by A-site cations.(12) For the latter, upon relaxation, the 
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dimer is retained with the hole being localized on it, with the appearance of a Kohn–Sham energy level 0.51 

eV above the valence band maximum (VBM) of the material. We then consider the reaction that brings the 

V center from the capture of an injected hole: 

 

(1) 

 

(2) 

where ΔE(V) is the energy of the supercell bearing a dimer and E(2I– + h+) the energy of the pristine 

supercell relaxed in the presence of an extra hole. A ΔE(V) value of 0.50 eV is calculated here (cf. Figure 2a), 

thus indicating that dimer formation is strongly disfavored. We then employ a modified version of the 

linear transit method(60) (cf. Methods) to calculate the energy barrier associated with the formation of the 

Pb-bridging I2
–. The calculation evidences an energy barrier of 0.60 eV (cf. Figure 2a) to reach the dimer 

structure from the starting configuration in which the hole is semilocalized, consistent with the 

endothermic nature of this process. Then, we consider the orthorhombic phase of MAPbI3 (o-MAPbI3) for 

which previously self-trapping of holes, through formation of an I2
– dimer, has been suggested.(28) A ΔE(V) 

value of 0.32 eV is calculated, thus indicating also in this case that hole self-trapping with I2
– dimer 

formation is energetically unfavorable. We note that opposite I atoms in o-MAPbI3 (4.2 Å) are closer than in 

tetragonal MAPbI3 (5.6 Å), consistent with the more favorable energetics. 

Figure 2 
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Figure 2. Schematic representation of the energetics associated with trapping of a single hole in (a) 

tetragonal and (b) orthorhombic MAPbI3. Pb atoms are colored brown, I atoms pink, C atoms cyan, N atoms 

blue, and H atoms white. The isodensity representation of the hole is shown in purple shades for each 

system. The tetragonal axis lies horizontally. A closer representation is given for V centers, to aid their 

visualization. In each panel, the energies are referred to that of the reactant. 

Previous DFT+U calculations indicated that the I2
– dimer in o-MAPbI3 is energetically favored by as much as 

0.19 eV.(28) For this reason, we performed additional calculations employing the same computational 

setup of ref (28) (cf. the Supporting Information) and verified that only for extreme values of the Hubbard-

like term in DFT+U calculations(62,63) is the dimer energetically favored. In contrast, calculations of ΔE(V) 

including relativistic effects and an extended k-point sampling confirm the trend here presented (cf. 

the Supporting Information). At the highest level of theory employed so far on this system [2 × 1 × 2 

orthorhombic supercell – 196 atoms, 1–2–1 k-point mesh, hybrid functional + SOC relaxation (cf. 

the Supporting Information)], we calculate the dimer to be 0.46 eV higher than the pristine bulk, allowing 

us to safely discard the spontaneous hole self-trapping with formation of an I2
– dimer for both kinetic and 

thermodynamic reasons. 

As previously noticed, the presence of defects such as the lead vacancy, VPb, and the interstitial iodine, Ii, 

could promote the formation of I2
– dimers in MAPbI3.(15,47,64) For hole trapping at VPb, we consider the 

following reaction and its energetics: 

 

(3) 

 

(4) 

Similarly, we can have hole trapping on a I2
– dimer, through the interaction of a lattice iodine with an 

interstitial I, with the formation of a so-called H center: 

 

(5) 

 

(6) 

in which the injected hole is first semilocalized as a hole polaron and then is trapped, thus forming the I2
–

 moiety. 

We thus investigate further the energetics of hole localization at the defect site, searching for favorable 

energy pathways leading to the lowest barriers and most stable products, being representative of 

kinetically and thermodynamically preferred pathways, respectively. For hole trapping at VPb, we calculate 

the formation of the dimer to occur with either a lower barrier (0.21 eV) leading to a slightly unfavorable 

energy minimum [ΔE(V@VPb) = 0.07 eV] or a higher barrier (0.30 eV) but with a more stable dimer 

[ΔE(V@VPb) = −0.12 eV], as illustrated in panels c and d of Figure 3. Similarly, hole trapping at Ii
– may occur 

with a lower energy barrier (0.10 eV) but leading to a slightly unfavorable minimum [ΔE(H) = 0.05 eV] or 

proceed with a slightly higher energy barrier (0.16 eV) but leading to a more stable I2
– dimer [ΔE(H) = −0.14 

eV (cf. Figure 3c,d)]. The only difference between the two defects is that in Ii
– the hole is initially delocalized 

while a partly localized hole around the lead vacancy is observed (compare structures on the left side of 

panels a and b of Figure 3 and panels c and d of Figure 3). Trapping at acceptor defects is thus predicted to 
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occur through small energy barriers in MAPbI3, which may contribute to reduce the activity of such defects 

and enhance the defect tolerance of lead iodide perovskites.(13) 

Figure 3 

 

Figure 3. Schematic representation of the energetics associated with trapping of a single hole in a model of 

tetragonal MAPbI3 bearing a Pb vacancy and an I interstitial. (a and c) Reaction pathways associated with 

the lowest energy barries and (b and d) reaction pathways giving the most stable products. Pb atoms are 

colored brown, I atoms pink, C atoms cyan, N atoms blue, and H atoms white. The isodensity 

representation of the hole is colored purple for each system. The tetragonal axis lies horizontally. In each 

panel, the energies are referred to that of the reactant. 

Considering the anticipated impact of surfaces on electron/hole localization and trapping,(35,65) we move 

to the study of I2
– dimers on the MAPbI3 surface. We consider the (001) surface of tetragonal MAPbI3, with 

two surface terminations, i.e., MAI-terminated and PbI2-terminated (cf. the Supporting Information for the 

details and models), which are representative of a fully passivated and unpassivated surface, respectively. 

Injection of an extra hole results in the formation of a bulk-like and a surface-localized polaron for the MAI- 

and PbI2-terminated surfaces, respectively.(35) For the MAI-terminated surface, a dimer can be achieved 

only by constraining the I–I distance during geometry optimization. Notably, we do not observe hole 

trapping on this constrained structure (cf. Figure 4a), and the unstable dimer structure (0.70 eV above the 

delocalized hole) immediately breaks if the constraint on the bond length is removed. This result is in line 

with the lower work function of the MAI perovskite termination impeding charge localization at states 

above the high-lying valence band.(66,67) Localization of the positive charge on a Pb-bridging I2
– dimer in 

the pristine PbI2-terminated slab is instead only slightly energetically disfavored [ΔE(V) = 0.07 eV 

(cf. Figure 4b)], although this process still features an appreciably high energy barrier (0.31 eV). These 

results highlight that unsaturated surface Pb atoms may play a major role in favoring charge trapping. 
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Figure 4 

 

Figure 4. Schematic representation of the energetics associated with trapping of a single hole on the 

pristine (a) MAI-terminated and (b) PbI2-terminated (001) MAPbI3 surface and on the PbI2-terminated 

system with a surface (c) a Pb vacancy and (d) an I interstitial. Pb atoms are colored brown, I atoms pink, C 

atoms cyan, N atoms blue, and H atoms white. The isodensity representation of the hole is colored purple 

for each system. A side view with the z axis of the slab lying vertically is represented in the all of the figures, 

with the exception of V centers in the PbI2-terminated slabs, for which a top view only showing Pb and I 

atoms is presented, to aid the visualization of the dimer. In each panel, the energies are referred to that of 

the reactant. 

We then consider hole trapping on VPb and Ii on the PbI2-terminated slab, because these defects have been 

found to be particularly stable on this surface termination.(35) The I2
– dimer is significantly stabilized in 

both cases with a ΔE(V@VPb) of −0.21 eV and a ΔE(H) of −0.25 eV, respectively. We note that the injected 

hole is drawn to the terminal PbI2 layer bearing the defect as a surface polaron for both VPb and 

Ii (cf. Figure 5a,b). This, in conjunction with the low energy barriers calculated [0.14 and 0.10 eV for hole 

trapping at VPb and Ii, respectively (cf. Figure 4)], implies a high probability of reaction and therefore of 

charge trapping at these surface defects. Considering the high defect density at surfaces and grain 

boundaries, this highlights how surface passivation is a major strategy to be pursued to further improve 

nonradiative deactivation of photogenerated charge carriers. 
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Figure 5 

 

Figure 5. Schematic representation of the energetics associated with trapping of two holes in different 

models (pristine and defective) of the (001) surface of tetragonal MAPbI3. For each panel, the energy is that 

of the structure bearing the IFD/I3
– moiety. For each system, we also include the energy gain/loss 

associated with hole trapping on the IFD/I3
– moiety. Pb atoms are colored brown, I atoms pink, C atoms 

cyan, N atoms blue, and H atoms white. The isodensity representation of the hole is colored purple for each 

system. A side view with the z axis of the slab lying vertically is represented in the all of the figures. The 

position of surface iodine vacancies is indicated by black arrows. 

We next ask what could happen by self-trapping or defect trapping of two charge holes. Despite being 

kinetically very unlikely, requiring the concomitant trapping of two holes at the same site, this process may 

become relevant under extremely hole-rich conditions. Kim et al. recently modeled the formation of an 

iodine vacancy/I3
– trimer Frenkel defect (i.e., an IFD) by the capture of two holes by the perovskite, through 

the following reaction: 

 

(7) 

thus involving displacement of a lattice iodide (Vi
+) and the formation of an I3

– trimer (Ii
+).(30) We thus 

investigate the energetics of IFD formation in the MAPbI3 bulk and at surfaces. 
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We define 

 

(8) 

where E(IFD) is the total energy of the supercell with the IFD and E(2h+ + 2I–) the total energy of the pristine 

supercell with two extra holes. We note that 

 

(9) 

is found to be barrierless for both pristine and defective systems. Therefore, the energy barrier associated 

with the formation of an IFD is that of the capture of the first hole on the V or H center. For bulk tetragonal 

MAPbI3, we calculate a ΔE(IFD) of 0.24 eV (cf. the Supporting Information). Therefore, the formation of an 

IFD is also energetically unfavorable in the pristine bulk perovskite, in line with the results of ref (30). IFD 

formation is slightly destabilized on the MAI-terminated surface [ΔE(IFD) = 0.35 eV], for which the trimer is 

formed on the terminal MAI plane by displacement of an unsaturated I atom (cf. Figure 5a). This result is in 

agreement with the observed decreased stability of iodine defects on this termination.(35) In stark 

contrast, a ΔE(IFD) of −0.85 eV is calculated for the PbI2-terminated surface (cf. Figure 5b), a result 

consistent with the instability of this surface associated with the lower formation energies calculated for 

iodine defects on the terminal PbI2 layer.(35) Therefore, a high concentration of holes can indeed favor the 

formation of IFDs on the pristine PbI2-terminated surface. Notably, IFD formation can also favorably occur 

when a partial MAI coverage leaves the subsurface PbI2 plane exposed. For instance, when a 50% MAI-

covered slab is considered, we find a ΔE(IFD) of −0.18 eV (cf. the Supporting Information). IFD formation is 

favored also at defect sites on the PbI2-terminated surface, with a stabilization comparable to that in the 

case of self-trapping (cf. Figure 5c,d). 

Finally, we investigate the possible degradation mechanisms mediated by IFD formation at the 

MAPbI3 surface under extremely hole-rich conditions. Starting from the IFD, we consider the following 

reaction sequence: 

 

(10) 

 

(11) 

which ultimately leads to the loss of molecular iodine from the surface of the pristine material. Similar 

reactions hold when the process is mediated by a VPb and Ii. In fact, the I3
– trimer is found as the most stable 

forms of VPb
0 and Ii

+ with energy levels deep in the gap of the material.(20,35) 

We calculate the total energies for each step of the reaction for both pristine surfaces and, in the PbI2-

terminated case, in the presence of VPb and Ii. We find that reactions 10 and 11 have comparable energetics 

once the IFD, or equivalently the I3
– trimer, has been formed, with I2 release being ∼0.9 eV higher than the 

corresponding IFD/I3
– for all of the considered pristine and defective models (cf. Figure 5). The reversal 

of reaction 11, i.e., I2 adsorption, is favored by 0.4–0.5 eV, in agreement with previous results.(68) The 

actual energetics of I2 release is thus connected with the energy required for the formation of the IFD, 

which in turn is modulated by the surface work function(66) and, therefore, depends on the surface 

termination. As one may notice, IFD (or again I3
– trimer) formation on PbI2-terminated surfaces is favored 

by ∼0.9 eV for both pristine and defective slabs, thus balancing the unfavorable energetics due to 

I2 release. We note that this energetics is essentially unaffected by the thickness of the employed slab 
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model (cf. the Supporting Information). Furthermore, we note that for I2 release as a gas-phase molecule, 

we have to consider an extra stabilization of ∼0.7 eV in reaction 11, corresponding to the thermal 

corrections to entropy and enthalpy of gaseous I2.(68) Thus, while a high level of hole accumulation does 

not lead to perovskite degradation for MAI-terminated surfaces, the (partial) exposure of PbI2-terminated 

surfaces under extremely hole-rich conditions may lead to significant degradation of MAPbI3 with release of 

gas-phase or solvated I2.(31,69,70) 

Overall, our analysis reveals that self-trapping of holes is undisputedly unfavorable in the bulk material, for 

both the tetragonal and the orthorhombic phases. In contrast, hole trapping at I2
– dimers may be promoted 

by defects such as Pb vacancies and I interstitials, although for the latter a reduced hole capture 

probability, due to the fast hopping of the hole polaron within the material, could limit its trapping 

activity.(11,12) This leaves the Pb vacancy as the main possible promoter of hole trapping in the bulk 

material, because the charge hole tends to be localized on the plane bearing the defect, thus implying a 

larger probability of hole–defect interaction. The dimer can form more easily on both the pristine and Pb-

vacant PbI2-terminated surface of MAPbI3. The physical picture is almost equivalent when considering IFDs, 

whose formation is favored only on the PbI2-terminated surface of MAPbI3. Therefore, our results indicate 

that hole trapping and the possibly related degradation phenomena in MAPbI3 are generally defect-

mediated phenomena; however, PbI2 surfaces can actually induce self-trapping of holes with the formation 

of IFDs even when pristine. We note, however, that photoinduced degradation can indeed occur when a 

very high density of defects is considered.(31) In this context, surface treatments on MAPbI3 have a double 

beneficial effect when saturating undercoordinated sites. (i) They decrease the concentration of charge 

traps, and (ii) they prevent surface degradation through dissociation of surface-adsorbed I2 molecules. The 

reduced charge recombination measured for polycrystalline samples with excess MA cations(36) is 

consistent with the present physical picture, because MA cations passivate surface defects and unsaturated 

surface Pb atoms, which are ultimately responsible for charge trapping and photoinduced degradation. We 

note that such treatments prevent also charge trapping under electron-rich conditions. In fact, unsaturated 

subsurface lead atoms in MAI-vacant surfaces may actually be detached from the surface as metallic Pb 

under electron-rich conditions.(35,71) Therefore, it is important to tailor the surface perovskite properties 

to minimize charge loss and extend the durability of perovskite-based devices. 

Conclusions 

In summary, hole self-trapping in halide perovskites is demonstrated to be highly unfavorable in bulk 

MAPbI3 on the basis of both thermodynamics and kinetics. Our calculations instead show that self-hole 

trapping is essentially a surface phenomenon, taking place at unpassivated surfaces under extremely high 

hole conditions. As such, this severe instability pathway, which could lead to the expulsion of I2 from the 

perovskite under hole-rich regimes, can be avoided by appropriate surface treatment. By accurately 

quantifying the energetics of self- and defect-mediated trapping in the prototypical MAPbI3 perovskite, we 

highlight the importance of properly addressing surface effects in metal halide perovskites, possibly 

stimulating additional dedicated experiments and surface passivation strategies. 
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