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ABSTRACT: Revealing the innate character and transport of the photogenerated hole is essential 

to boost the high photovoltaic performance in the lead-based organohalide perovskite. However, 

knowledge at the atomic level is currently very limited. In this work, we systematically investigate 

the properties of the photogenerated hole in the orthorhombic CH3NH3PbI3 using hybrid functional 

PBE0 calculations with spin-orbit coupling included. An unexpected trapping state of the hole, 

localized as I2
- (I dimer), is uncovered, which was never reported in photovoltaic materials. It is 

shown that this localized configuration is energetically more favorable than that of the delocalized 

hole state by 191 meV, and that it can highly promote the diffusion of the hole with an energy 

barrier as low as 131 meV. Furthermore, the origin of I dimer formation upon trapping of the hole 
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is rationalized in terms of electronic and geometric effects and a good linear correlation is found 

between the hole trapping capacity and the accompanying structural deformation in CH3NH3PbX3 

(X= Cl, Br and I). It is demonstrated that good CH3NH3PbX3 materials for the hole diffusion 

should have small structural deformation energy and weak hole trapping capacity, which may 

facilitate the rational screening of superior photovoltaic perovskites. 

KEYWORDS: lead-based organohalide perovskite, photogenerated hole, I dimer, photovoltaic 

 

Organic-inorganic halide based perovskite materials such as CH3NH3PbI3, emerging as 

intriguing light harvesters in hybrid solid-state solar cells, have attracted considerable attention 

due to the tremendous power conversion efficiency (PCE) of over 20 %.1-12 The high efficiency of 

perovskite can be attributed to the integrated merits of organic and inorganic semiconductors, 

including small and tunable band gap, low charge recombination rates, large optical absorption 

and high charge carrier mobility.6,7,13-21 In particular, the superior mobility and long diffusion 

lengths of charge carriers were reported to largely promise the high PCE.7,22,23 With none hole 

transport layer, Etgar et al. reported a PCE of 5.5 % in the meoscocopic CH3NH3PbI3/TiO2 

heterojuntion solar cells, indicating the excellent hole transporting property of the CH3NH3PbI3 

nanocrystals.5 By fitting the decay dynamics from the transient absorption (TA) spectroscopy, 

Xing and coworker found the hole diffusion length to be 110 nm in solution-processed 

CH3NH3PbI3.7 Recently, the diffusion lengths for holes were even reported exceeding 175 µm 

under 1 sun (100 mW cm-2) in solution-grown CH3NH3PbI3 single crystals.23 These studies 

demonstrated the excellent hole transporting feature of the CH3NH3PbI3 perovskite and further 

research into this area is highly desirable.  
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The formation of polaron quasiparticles is key to describe the trapping and migration behavior 

of the photogenerated electron and hole in photovoltaic materials,24,25 and can be used to 

investigate the photogenerated hole in CH3NH3PbI3. However, due to the crystal imperfection and 

small trapping energies of polaron, it is difficult to distinguish the trapping of a hole at defect sites 

and at perfect lattice sites in the CH3NH3PbI3 perovskite experimentally.26 Theoretically, despite 

some enlightening preliminary understandings of the photogenerated hole reported, the intrinsic 

property of the hole is still unknown.27-31 There are studies showing that the iodine defects in 

defective CH3NH3PbI3 perovskite introduce deep hole trapping level in the band gap,32-34 and the 

long lifetime of hole trapping by iodine interstitial defects can reduce the overall rate of electron-

hole recombination, which is beneficial for solar cell performance.32 However, the trapping 

character and diffusion behavior of photogenerated holes in pristine CH3NH3PbI3 are still to some 

extent missing and worth being identified. Recently, using the cluster models of CsPbI3 and 

CH3NH3PbI3, Neukirch et al. reported that the volumetric strain and CH3NH3
+ reorientation 

promoted the accumulation of space charge.35 Due to the nonperiodic cluster model used that may 

have a finite size effect on the trapping behavior of the charge carrier, it is highly desirable to 

further obtain relevant understanding towards the trapping and transporting character of the 

photogenerated hole in the periodic CH3NH3PbI3 perovskite. In particular, the following questions 

need to be answered: (1) What is the trapping state of the photogenerated hole in the CH3NH3PbI3 

perovskite? Or more specifically, is it localized or delocalized? (2) How does a hole diffuse in the 

materials? (3) Why does it possess the long diffusion length? 

In this work, a first-principles study was carried out to explore the character of photogenerated 

holes in the orthorhombic CH3NH3PbI3 (ort-CH3NH3PbI3) perovskite, which is the most stable 

phase in CH3NH3PbI3 perovskite. Based on the results of high-precision hybrid density functional 
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theory (DFT) calculations, we identified a new localized configuration of the photogenerated hole 

with a small polaron. More interestingly, the weak trapping capacity of this localized state was 

found to exhibit an excellent property for hole diffusion. This may explain the outstanding 

diffusion length of the hole in the CH3NH3PbI3 perovskite.  

All the spin-polarized DFT calculations were performed using the Vienna ab-initio simulation 

package (VASP), unless otherwise specified.36-40 To correctly describe the electronic and 

geometric structure of CH3NH3PbI3, the spin-orbit coupling (SOC) together with the hybrid 

functional PBE0 (α=0.188) was used.18-21,38,41-43 The project-augmented wave method was 

employed to describe the ion-electron interaction.44,45 The valence electronic states were expanded 

in plane-wave basis sets with an energy cutoff of 400 eV, and the force convergence criterion in 

structure optimization was set to be 0.05 eV/Å. The Pb 6s, 6p and 5d orbitals, I 5s and 5p orbitals, 

C 2s and 2p orbitals, N 2s and 2p orbitals, and the H 1s orbital were treated as valence states. For 

the ort-CH3NH3PbI3, a supercell (2×1×2) of CH3NH3PbI3 bulk (a= 17.81 Å, b= 12.82 Å, c= 17.32 

Å, and α= β= γ= 90°) was constructed,18 containing 96 H, 16 C, 16 N, 48 I and 16 Pb atoms. The 

(1×1×1) grid was used for the k-point sampling of Brillouin zone during the structural optimization 

owing to the large bulk size, while the densities of states (DOS) were computed using a (2×2×1) 

k-point mesh. The tests with more k-points and the higher energy cutoff of 500 eV were carried 

out and verified the accuracy of the above settings (see Supporting Information). The transition 

states were located using a constrained optimization scheme.46-52 The DFT-D3 was carried out to 

describe the weak interaction in the organic-inorganic system.53,54  

Localization of the photogenerated hole. Firstly, we investigated the possibility of hole 

trapped in the periodic ort-CH3NH3PbI3 system. Considering that the valence band maximum 

(VBM) of the ort-CH3NH3PbI3 is constituted by I 5p and partly Pb 6s antibonding orbitals,18,38,41,55-
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59 the inorganic PbI3
- sublattice is extensively explored to identify the behavior of holes. In the 

presence of one photogenerated hole, the normal structural optimization gives rise to a delocalized 

state with spin density distributed over all I anions (see Figure 1a). Total density of state (TDOS) 

calculations show that there is no polaron peak of hole in the band gap (see Figure 1e), indicating 

a delocalized feature of the hole. To adequately identify the feature of the hole, we performed 

extensive configuration sampling using slight structural perturbation to break structural symmetry 

of ort-CH3NH3PbI3. Surprisingly, our calculations show that the hole can be trapped on two 

adjacent I anions, coupling to small lattice distortion. As illustrated in Figure 1b, the spin density 

accumulates evenly on the p orbitals of two adjacent I anions (noted as I1 and I2) with net spin of 

0.47 μB and 0.46 μB, respectively. The Pb-I bonds, connected to these two I species, elongate from 

about 3.20 to 3.50 Å. From the density of state (DOS) in Figure 1f, it was found that a small sharp 

peak appears at the energy level of 0.75 eV above the VBM. Performing the projected DOS 

(PDOS) of I1 and I2 species, we found that this unoccupied polaron peak primarily consists of the 

5p orbitals of I1 and I2 species (see Figure S1). Furthermore, our calculations exhibit considerable 

electron densities between the two I species of the hole-localized structure in contrast to the none 

electron density between them in the hole-delocalized structure (see Figure 1c and d). The I-I 

distance was also shortened to 3.33 Å (versus the original 4.40 Å). Those verify a weak bond 

between the I1 and I2 anions. Therefore, we can see that the photogenerated hole is trapped as an I 

dimer (I2
-) in the ort-CH3NH3PbI3. In addition, we investigated how the I dimer formation is 

affected by the SOC and found that the effect is little (see Supporting Information).  
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Figure 1. Different states with one hole introduced into the ort-CH3NH3PbI3 perovskite. The iso-

surface value is 0.0015 e/Å3. (a) is a delocalized state in which the hole delocalizes on all I anions. 

(b) is a localized state with the hole trapped on two equatorial I anions with an I dimer 

configuration. (c) ~(d) are the electrostatic potential diagrams corresponding to (a) and (b), 

respectively. The color bars represent the electrostatic potential of systems. The calculated area is 

the region selected in (a) with an internal blue block. The TDOS from the delocalized state and the 

hole-trapped state are shown in (e) and (f), respectively. In (a) and (b) the dark grey, purple, white, 

silver and brown balls represent Pb, I, H, N and C atoms, respectively. 

To quantitatively examine the I dimer, we evaluated the stability of the hole-trapped state. In our 

previous work, it was verified that hole trapping capacity (EHTC) can be used as a good descriptor 

to assess the stability of trapping states,60 which is defined as the energy difference between the 

localized and delocalized states, i.e. EHTC = Elocalized - Edelocalized. By calculating EHTC, the localized 

state of the hole (I dimer configuration) in the ort-CH3NH3PbI3 was found to be more stable than 

the delocalized state by -191 meV (see Table 1), clearly suggesting that the hole is energetically 
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favorable to be trapped as an I dimer. Furthermore, the weak trapping of I dimer also agrees with 

the near-band-edge optical responses of free carriers found in CH3NH3PbI3 in recent 

experiments.61 

Table 1. The hole trapping capacities (EHTC) in the presence of one hole in the ort-CH3NH3PbI3 

perovskite. 1#, 2# and 3# are the localized states of hole as I dimer-1, dimer-2 and dimer-3, 

respectively. Spin densities (μB) of I anions from different states are also shown. 

 

Enlightened by this finding, we systematically investigated other possible configurations of I 

dimers. Figure 2a shows the geometry of ort-CH3NH3PbI3 perovskite. It consists of a network of 

corner-shared [PbI6]4- octahedras with central Pb2+ cations, corner I- anions and occupied 

monovalent cations (CH3NH3
+) in the cavities between octahedras. In each octahedral [PbI6]4- unit, 

two kinds of I anions are identified, named as equatorial I (Ieq
-) and apical I (Iap

-) anions. Upon 

trapping one hole coupled with structural relaxation, three classes of I dimer configurations can be 

found as illustrated in Figure 2a. I dimer-1: this I dimer forms via two adjacent Ieq
- in two [PbI6]4- 

units (mentioned above, see Figure 1b). I dimer-2: the dimer consists of two adjacent Ieq
- in one 

[PbI6]4- unit (see Figure 2b). The spin densities on these two I anions are 0.51 μB and 0.44 μB, 

respectively. I dimer-3: the hole localizes on the Ieq
- and Iap

- within the same [PbI6]4- octahedra (see 

Figure 2c). The spin densities on two anions are 0.49 μB and 0.42 μB, respectively. It was worth 

States EHTC/meV 
Spin densities /μB 

I1 I2 

1# -191 0.47 0.46 

2# -20 0.51 0.44 

3# 71 0.49 0.42 

delocalized 0 0.01 0.01 
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noting that the I dimer cannot form by two Iap
- anions since Iap

- anions point in the opposite 

directions. This kind of I dimer formation would result in a structural mismatch. Furthermore, the 

hole trapping capacities were calculated to examine the stabilities of these I dimers. In comparison 

with the EHTC of dimer-1 (-191 meV), the EHTC of dimer-2 and dimer-3 are -20 and 71 meV, 

respectively (see Table 1). I dimer-2 and dimer-3 are found to be less stable than I dimer-1, which 

can be rationalized as follows. For dimer-2, it results from the compression of two Pb-I bonds. 

This induces small local distortion of the heavy Pb and I atoms thereby reducing structural stability. 

Regarding dimer-3, localization of the hole breaks the electrostatic attraction between the Iap
- and 

CH3NH3
+ and induces large lattice distortion around Iap

- and Ieq
- anions, resulting in the decrease 

of the stability of system. Besides, we can also see that dimer-1 and dimer-2 are more stable than 

the hole-delocalized state, indicating the favorable trapping of hole on the Ieq
-. It is worth noting 

that the I dimer structure can also be found in the tetragonal phase of CH3NH3PbI3 perovskite at 

room-temperature; the molecular dynamics calculations at 300 K show that this I dimer-1 

configuration is stable in this tetragonal system (see Supporting Information). In CH3NH3PbI3 

perovskite, therefore, it may be a general character for the photogenerated hole localized as an I 

dimer configuration. 

 

Figure 2. The geometrical structures and spin densities of the ort-CH3NH3PbI3 are illustrated in 

the presence of one hole. (a) is the top view of the orthorhombic phase of CH3NH3PbI3. Iap
- and 
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Ieq
- represent the apical and the equatorial I anions, respectively. Three hole-trapped patterns of I 

dimers are also illustrated. Dimer-1, dimer-2 show hole trapping on both two Ieq
- anions, while 

dimer-3 forms by hole trapped on one Iap
- and one Ieq

-. (b) illustrates the spin density of dimer-2 in 

which the hole localizes on two adjacent Ieq
- anions. (c) illustrates that the hole localizes on the Iap

- 

and Ieq
- anions as dimer-3. The iso-surface level is 0.0015 e/Å3. 

Hole diffusion. With this unexpected localization character of holes, we extended our 

investigation to the process of hole diffusion, aiming at understanding its long diffusion length. It 

is worth noting that there are some approaches to evaluate hole mobility such as calculating the 

effective mass.25,62 Here, considering that the hole is localized in the I2
- configuration which 

accompanies an evident structure distortion, we proposed a hole hopping mechanism via the 

movement of I dimer configuration and examined its feasibility. Figure 3a shows three paths for 

hole diffusion via I dimers in ort-CH3NH3PbI3. Path 1 is a concerted mechanism (dimer-1 → 

dimer-1). As indicated by the black arrow in Figure 3c, this path describes the hole diffusion from 

one dimer-1 configuration (I1/I2) to another dimer-1 (I3/I4) along the I1-I2 direction via shifting the 

I2 toward I3. In the transition state (TS1), I1, I2 and I3 are approximately in a line with the bond 

lengths of I2-I3 shortened (3.71 Å) and I1-I2 stretched (4.48 Å), while the distance between I3 and 

I4 is close to 4.17 Å. Electronically, the hole localizes around I anions with low spin densities on 

the I1 (0.02 μB), I2 (0.04 μB), I3 (0.03 μB) and I4 (0.04 μB), respectively. 
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Figure 3. Paths and energy profile of the hole diffusion. (a) is the scheme for hole diffusion 

through three paths. (b) shows the energy profile of the three paths. (c) ~(e) are structures of the 

transition states in the three paths. The highlighted yellow 1, 2, 3, 4 and 5 balls are defined as the 

I1, I2, I3, I4 and I5 anions, respectively. The blue numbers are the spin densities of I anions. The 

bond lengths between I anions are in red color. The diffusion direction is indicated by the black 

arrows. 

Path 2 and 3 are stepwise mechanisms, and both need go through an intermediate state (dimer-

1→ dimer-2 → dimer-1; dimer-1→ dimer-3 → dimer-1). In terms of path 2, the hole diffuses starts 

from the configuration of I dimer 1 with hole trapped on I1/I2 (see Figure 3d). Then, the hole moves 

towards the I3 anion in the mid-perpendicular direction of I1-I2 and transports to the intermediate 

state of dimer-2 (I2/I3). Finally, the hole diffuses from the dimer-2 site to another dimer-1 site 

(I3/I4). Figure 3c shows the structure of the transition state (TS2) from the dimer-1 and dimer-2 

(I1/I2 → I2/I3). The distance between I2and I3 is shortened to 3.44 Å, and the I1-I2 bond length is 
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activated to 4.02 Å from the initial 3.33 Å. Besides, one can see that the hole is trapped with spin 

densities mainly localizing at the connecting atoms of I2 (0.28 μB) and I3 (0.34 μB). In path 3, the 

hole migrates from the dimer-1 with hole trapped on I1/I2 to dimer-3 (I2/I5) through the interaction 

of the equatorial I2 and apical I5 atoms. Then, the hole can further diffuse in the inverse manner 

from dimer-3 (I2/I5) to the neighbored dimer-1 site (I3/I4). TS3 is the transition state of hole 

diffusion between the dimer-1 and dimer-3 (I1/I2 → I2/I5, see Figure 3e), in which the hole localizes 

on the I1, I2 and I5 with spin densities of 0.13 μB (I1), 0.16 μB (I2) and 0.26 μB (I5). The distances 

between the I1/I2 and I2/I5 are 3.70 and 3.53 Å, respectively.  

Figure 3b shows the energy barriers of hole diffusion via these three paths, in which paths 2 and 

3 illustrate only the barriers from the initial state (dimer-1) to the intermediate state (dimer-2; 

dimer-3). We can see that the barrier of the concerted path 1 is 131 meV, while the barriers of the 

first step in paths 2 and 3 are 230 and 299 meV, respectively. Therefore, path 1 is kinetically the 

most favorable route for the hole diffusion. It is worth noting that all the barriers for the hole 

diffusion here are much lower than other photovoltaic materials such as TiO2 (about 500 meV).25 

From the geometrical structures, the hole moves from one dimer site to another one with small 

lattice distortion. The less energy required for structural relaxation and non-breaking of Pb-I bonds 

lead to the low barriers. Thermodynamically, the small hole trapping capacity of I dimer indicates 

a shallow potential well for the hole trapping and this is highly beneficial to the hole mobility. This 

unusual model, therefore, may play an important role to promote the hole diffusion in the 

CH3NH3PbI3 perovskite. 

Origin of I dimers. The I dimer configuration trapped by hole is determined by certain 

factors. Firstly, the composition of the valence band and large atomic radius of iodine are 

expected to create favorable condition for the formation of I dimers. The VBM of CH3NH3PbI3 is 
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constituted mainly by the I-5p states, which indicates the trapping of holes to proceed over the I 

anions in the PbI3
- sublattice; in addition, the large atomic radius of iodine leads to an I-I distance 

in the I dimer as long as 3.33 Å. This enables very small lattice distortion for the hole trapping in 

an I dimer configuration (see Figure 1b). Secondly, the I anion also promotes the formation of I 

dimers. If the hole was trapped on an I− anion, it would give rise to an I radical by breaking two 

Pb-I bonds, which could not form due to its very unstable nature. Moreover, we also considered 

the I2 generation in the system with two holes involved (CH3NH3PbI3 + 2h+ → CH3NH3PbI3-2x + 

I2). It is found that the reaction corresponds to an energy cost as high as 964 meV with four Pb-

I bonds breaking and one I-I bond formation. Thus, breaking Pb-I bonds to produce an 

iodine oxide is thermodynamically unfavorable. Thirdly, the stability of I dimer-1 is associated 

with a small structural deformation energy (Edef) for the hole trapped in CH3NH3PbI3, where Edef 

is the structural energy difference between the hole delocalized and localized configurations (see 

details in SI). The smaller structural deformation energy means the less energy required for the 

structural relaxation to stabilize the localized hole. In the ort-CH3NH3PbI3 perovskite, its hybrid 

organic-inorganic structure is much flexible with Pb-I bonds around 3.40 Å. The long bond lengths 

of Pb-I bonds and large atomic radius of Pb and I lead to weak bonding of Pb-I bonds. When the 

hole is introduced, only a small structural deformation energy (259 meV) is required to elongate 

the Pb-I bonds to form an I dimer-1, thereby maintaining its stability. 

To further understand our results, we altered the halogen of CH3NH3PbI3 to investigate the 

different structural deformation energies on the thermodynamic stability of dimer states. With 

replacing the I element by the Br and Cl (see the structures in Figure S2), the EHTC decreases from 

-191 (I dimer) to 406 (Br dimer) and 930 meV (Cl dimer). The corresponding Edef of the I, Br and 

Cl dimers are 259, 940 and 1597 meV, respectively. It can be identified a good linear relationship 
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between the Edef and EHTC (R2=0.98) as shown in Figure 4. The Edef decreases linearly with the 

rising of EHTC. This good linear correlation can be understood in the light of different bonding of 

Pb-X (X= Cl, Br and I) as follows. From Cl dimer to I dimer, the elongations of Pb-X bonds are 

similar, which are 0.3, 0.2 and 0.2 Å, respectively. Whereas the bond energies reduce gradually 

from Pb-Cl to Pb-I bonds, leading to the decreasing structural deformation energies and improving 

hole trapping capacities from Cl to I dimers. From the correlation, we also found that excellent 

CH3NH3PbX3 perovskites for the hole diffusion mainly concentrates in the redder area of the 

background with weak hole trapping capacity (the shallow potential well) and small structural 

deformation energy.  

 

Figure 4. Linear relationship between the hole trapping capacities (EHTC) and the structural 

deformation energies (Edef) from the dimers in the ort-CH3NH3PbI3 perovskite. 1#, 2# and 3# 

represent the I dimer-1, dimer-2 and dimer-3, respectively. R2 is the square of the correlation 

coefficient. It is noted that, in contrast to CH3NH3PbBr3 and CH3NH3PbCl3, the excellent 

photovoltaic materials such as the CH3NH3PbI3 locate in the area with shallow EHTC and small Edef, 
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which is approximately illustrated in the redder colored area (it is a rough indicator to show the 

good photovoltaic materials).    

Uniqueness of I dimers. The representative anatase TiO2 bulk was investigated to uncover 

whether the dimer configuration is a general pattern in photovoltaic materials. Figure S3a 

illustrates the spin density distribution in the anatase TiO2 bulk with one hole involved. The hole 

is localized on one lattice oxygen site coupled with local structural distortion and forms an O•- 

radical. The spin density of the O•- radical is 0.75 μB, and the corresponding EHTC is -296 meV, 

indicating the thermodynamically favorable formation of the O•- radical in the system. 

Unfortunately, we cannot obtain an O dimer in the presence of one hole. It may result from the 

difficult generation of the unstable O2
3- species. With two holes involved, interestingly, O dimer 

emerges easily with EHTC of -739 meV. The O-O distance in the dimer configuration is 1.52 Å (see 

Figure S3b), and no spin density was found around these two O species. Those evidently indicate 

that there is an actual peroxide (O-O)2- species formation in the system. In addition, we found 

another state that two holes are trapped on two separated lattice oxygen sites (see Figure S3c). The 

EHTC is -447 meV. We can found that the O dimer is more stable than this state by 292 meV. It 

demonstrates the O dimer would consume more energy to activate the stable O-O bond, and this 

is not beneficial to the hole transport. Therefore, the excellent diffusion of hole via dimers could 

be unique in the CH3NH3PbI3 perovskite. 

In summary, in this work we systematically disclose the fundamental character and diffusion of 

photogenerated holes in the ort-CH3NH3PbI3 using high level first principles calculations. An 

unusual trapping state of the hole is identified for the first time, in which the photogenerated hole 

localizes as I2
- with a dimer configuration. This localized state is more stable than the hole 

delocalized state by 191 meV. The weak trapping capacity of the I dimer state highly promotes the 
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hole diffusion with diffusion barrier as low as 131 meV. This is well consistent with the reported 

high mobility and long diffusion length of holes in the CH3NH3PbI3. Furthermore, the origin of I 

dimer is uncovered. We find that three major factors, the composition of valence band, the valence 

state of iodine anion and weak bonding between Pb and I, essentially determine the formation of I 

dimer. We demonstrate that the small structural deformation energy of the I dimer results in its 

unique character for the hole trapping and diffusion and that the excellent CH3NH3PbX3 

perovskites are due to having small structural deformation energy and weak hole trapping capacity. 

The uniqueness analysis indicates I dimer is unique to promote the hole diffusion. It is expected 

that the insights obtained in this work may be crucial for understanding/improving the 

CH3NH3PbI3 perovskites in general. 

Note added. During the revision of our paper, it has come to our attention that a paper of Kang et 

alx reporting an I dimer similar to I dimer-2 in our work in the tetragonal phase was accepted for 

publication.   
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