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Halogen vacancies (VH) are usually deep color centers (F centers) in halides and can act 

as major electron traps or recombination centers. The deep VH contributes to the typically 

poor carrier transport properties in halides. However, several halides have recently 

emerged as excellent optoelectronic materials, e.g., CH3NH3PbI3 and TlBr. Both 

CH3NH3PbI3 and TlBr have been found to have shallow VH, in contrast to commonly seen 

deep VH in halides. In this work, several halide optoelectronic materials, i.e., 

CH3NH3PbI3, CH3NH3SnI3 (photovoltaic materials), TlBr, and CsPbBr3, (gamma-ray 

detection materials) are studied to understand the material chemistry and structure that 

determine whether VH is a shallow or deep defect in a halide material. It is found that 

crystal structure and chemistry of ns2 ions both play important roles in creating shallow 

VH in halides such as CH3NH3PbI3, CH3NH3SnI3, and TlBr.  The key to identifying 

halides with shallow VH is to find the right crystal structures and compounds that 

suppress cation orbital hybridization at VH, such as those with large cation-cation 

distances and low anion coordination numbers, and those with crystal symmetry that 

prevents strong hybridization of cation dangling bond orbitals at VH. The results of this 

work provide insight and guidance to identifying halides with shallow VH as good 

electronic and optoelectronic materials. 

PACS: 61.72.Bb, 61.72.jd, 71.55.Ht 
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I. Introduction 

  Halides are usually large-gap ionic materials with low carrier mobilities and soft 

lattices prone to defect formations. The large band gap and the poor carrier transport 

properties of many halides have largely prevented them from being used as electronic and 

optoelectronic materials. Traditionally, halides have been used as optical materials, such 

as luminescent and scintillation materials.1, 2, 3, 4 However, recently several halides have 

been found to be excellent optoelectronic materials. For instances, CH3NH3PbI3 based 

solar cells have achieved impressive energy conversion efficiency of 17.9%.5, 6 The 

electron and hole diffusion lengths in CH3NH3PbI3-xClx both exceed 1 μm.7, 8  TlBr, a 

soft-lattice halide, exhibits excellent transport properties and is being developed as a 

room-temperature gamma-ray detector material.9 The electron mobility-lifetime product 

of TlBr is as high as 6 10-3 cm2/V.10 The estimated electron lifetime is about 70-100 μs.9 

A number of other halides and chalcohalides, e.g. CH3NH3SnI3,
11, 12 CsSnI3,

13 CsPbBr3,
14 

Tl6SeI4,
15 Tl6SI4,

16 etc., have also been shown to exhibit good carrier transport properties. 

Among these materials, CH3NH3SnI3 and CsSnI3 have been proposed as promising 

photovoltaic materials while CsPbBr3, Tl6SeI4, and Tl6SI4 are being developed as 

gamma-ray detection materials. 

These halide optoelectronic materials have diverse crystal structures and a wide 

range of band gap energies. For examples, TlBr, CH3NH3PbI3, and CsPbBr3 have simple 

cubic (Pm-3m),17 body-centered tetragonal (I4cm),18 and orthorhombic (pnma)14 

structures at room temperature, and their band gaps are 2.68 eV,19 1.51-1.52 eV,18,20 and 

2.25 eV14, respectively. However, these materials share one common character, i.e., they 

all have ns2 cations (i.e., Tl+, Pb2+), which have outermost electron configuration of ns2. 
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The halides with ns2 cations are relatively covalent. The mixed ionic-covalent character 

of these halides gives rise to enhanced Born effective charges and large static dielectric 

constant.21, 22, 23, 24 The ns2 cations are responsible for the dispersive conduction and 

valence bands and large dielectric screening of charged defects and impurities,24 which 

contribute to the good carrier transport properties in the halides that contain ns2 cations.  

Among these halides with ns2 cations, TlBr and CH3NH3PbI3 have been 

extensively investigated and their carrier transport properties are superior compared to 

many others. Previous defect calculations show that most of the low-energy defects in 

TlBr and CH3NH3PbI3 are shallow donors or acceptors, which do not introduce deep 

carrier traps or recombination centers in the band gap. 24, 25, 26, 27 The lack of low-energy 

deep native defects contribute strongly to the observed excellent transport properties in 

TlBr and CH3NH3PbI3.  

The dominant electron trap in halides is usually the halogen vacancy (VH), which 

is typically a deep center (F center) that can cause coloration of many otherwise 

transparent halide crystals. The F center and the related sub-band-gap optical transitions 

in alkali halides have been extensively studied for many decades.28 Even in less ionic 

halides and chalcohalides (e.g., InI, Tl6SeI4, Tl6SI4) with relatively small band gaps (e.g., 

2 eV for InI;29 1.86 eV for Tl6SeI4;
15 2.1 eV for Tl6SI4

16), HV −  (with two electrons trapped 

at a deep level of the halogen vacancy) has been found to be stable when the Fermi level 

is high in the band gap.23, 30, 31  It is puzzling why the halogen vacancies in TlBr and 

CH3NH3PbI3 (with band gaps of 2.68 eV19 and 1.51-1.52 eV18,20, respectively) are 

shallow donors. In light of the outstanding carrier transport properties of TlBr and 

CH3NH3PbI3 compared to most of other halides, it is important to understand the material 
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structure and chemistry that determine the shallow or deep nature of VH in halides. Such 

understanding is imperative to the discovery and development of new halide-based 

electronic and optoelectronic materials. 

The defect states at VH are formed by hybridization of dangling bond orbitals from 

the nearby cations. The lowest defect state at VH is typically an a1 state. The occupation 

of the a1 state determines the charge state of VH, i.e., 
HV + ( 0

1a ), 0
HV ( 1

1a ), and 
HV − ( 2

1a ), where 

0
1a , 1

1a , and  2
1a  are the a1 states occupied by zero, one, and two electrons, respectively. At 

HV + ( 0
1a ), Coulomb repulsion moves the cations away from the vacancy. The resulting 

weakened dangling bond hybridization leads to a relatively high-lying 0
1a  state. At 0

HV ( 1
1a ) 

and 
HV − ( 2

1a ), the a1 state is occupied and therefore there is energetic incentive to lower the 

a1 state. This is accomplished by relaxation of the nearby cations towards the vacancy, 

which enhances the hybridization among the cation dangling bond orbitals. The lowering 

of the a1 state lowers the electronic energy, which offsets the increased strain energy 

caused by the stretched bonds near the vacancy.      

0
HV  and 

HV −  are F0 and F- color centers in large-gap ionic halides. Halides with ns2 

cations are relatively covalent and have relatively small band gaps. In these halides, it is 

possible that the empty a1 state of 
HV +  resonates in the conduction band. But 0

HV  and 
HV −  

can still form because the a1 state of 0
HV  or 

HV −  is lower in energy and can be a bound state 

inside the band gap. This is the case for InI, Tl6SeI4, and Tl6SI4, which are discussed in 

Section III. In this situation, the electron trapping at 
HV + involves a kinetic barrier because 

moving the a1 state of 
HV + below the CBM before trapping an electron involves moving 
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nearby cations towards the vacancy, which increases electrostatic energy and strain 

energy.  

Note that 0
HV  and HV −  in this paper refer to halogen vacancies with one and two 

electrons trapped at a deep a1 level not at a shallow hydrogenic level. The thermodynamic 

transition levels shown in this paper are all for electron trapping at a deep a1 level. 

In low-gap halides, shallow trapping at a hydrogenic level through long-range 

Coulomb attraction may compete with deep trapping at a localized deep defect state (a1 

state) created by hybridization of cation dangling bond orbitals. Some defects can trap an 

electron at a deep single-particle a1 state while the thermodynamic transition level related 

to the electron trapping is shallow or even above the conduction band minimum (CBM). 

Note that a thermodynamic defect transition level ε(q/q’) is the Fermi level at which the 

total energies of the defect at charge states q and q’ are equal to each other (defined by 

Eq. 1 in Section II). A thermodynamic transition level takes into account the structural 

relaxation upon change of the charge state and thus differs from a single-particle a1 defect 

level. If the (+/0) transition level, which is related to electron trapping at a deep a1 level 

of a halogen vacancy, is above the CBM, the shallow trapping at a hydrogenic level 

would be energetically favored and the deep trapping at the a1 level is metastable. This is 

the case for Br vacancy in CsPbBr3, as discussed in Section III. In the case of TlBr and 

CH3NH3PbI3, deep electron trapping at VH is not even metastable. Electrons instead can 

only be bound to a VH at a shallow hydrogenic level through Coulomb attraction. 

In this work, VH in TlBr, CsPbBr3, CH3NH3PbI3 and CH3NH3SnI3 are studied 

based on density functional calculations. Crystal structure and chemistry of ns2 ions are 
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shown to both play important roles in determining the shallow or deep nature of VH in 

halides.  

 

II. Methods 

Density functional theory (DFT)32 with both Perdew-Burke-Ernzerhof (PBE)33 

and Heyd-Scuseria-Ernzerhof (HSE) hybrid functional34 functionals were used to study 

halogen vacancy properties in halides. The PBE calculations without spin-orbit coupling 

were used to optimize the structures of the halogen vacancies. If a deep anion vacancy 

state in the band gap is found by the PBE calculations, the HSE calculations including 

spin-orbit coupling are further performed to calculate the defect levels. The structures 

optimized at the PBE level were used for the HSE calculations. The PBE calculations 

provide sufficiently accurate results on forces (near equilibrium), structures, and band 

dispersion, but underestimates band gaps. The HSE calculations were performed to 

correct the band gap and to determine the positions of the deep defect levels relative to 

valence and conduction band edges. 43% non-local Fock exchange was used in HSE 

calculations to produce good band gaps. The resulting band gaps of TlBr (simple-cubic 

CsCl structure), CH3NH3PbI3, and CsPbBr3 are 2.74 eV, 1.50 eV, and 2.21 eV, 

respectively, in good agreement with the experimental values of 2.68 eV,19 1.51-1.52 

eV,18,20 and 2.25 eV14. The band gap of TlBr with rocksalt NaCl structure is calculated to 

be 3.08 eV. 

The electron-ion interactions were described using projector augmented wave 

potentials.35 The valence wavefunctions were expanded in a plane-wave basis with cut-

off energies of 400 eV for CH3NH3PbI3 and CH3NH3SnI3 and 238 eV for CsPbBr3 and 
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TlBr. All atoms were relaxed to minimize the Feynman-Hellmann forces to below 0.02 

eV/Å. All calculations were performed using the VASP codes.36, 37  

A 64-atom cubic cell and a 2× 2× 2 k-point mesh were used for RS TlBr. A 

2× 1× 2 orthorhombic supercell containing 16 formula units of CsPbBr3 and a 1× 2× 1 k-

point mesh were used for CsPbBr3. A 3× 3× 3 tetragonal supercell with 27 formula units 

of CH3NH3SnI3 and a Г-point-only k-point-mesh were used for CH3NH3SnI3. 

Experimental lattice constants were used for all TlBr (simple-cubic CsCl structure38 and 

rocksalt NaCl structure39), CH3NH3PbI3,
18  CH3NH3SnI3,

18  and CsPbBr3
14. 

The halogen vacancy formation energy in a halide is a function of the chemical 

potentials of the constituent elements (μ) and the Fermi level (εf): ΔH = A(μ) + qεf.  In this 

work, the focus is on the charge transition levels induced by the halogen vacancy not the 

absolute formation energy of the halogen vacancy. Thus, A(μ) is not explicitly calculated 

but chosen such that the formation energy of a neutral halogen vacancy is zero. The 

charge transition level ε(q/q’) for a halogen vacancy is determined by the Fermi level (εf) 

at which the formation energies of the halogen vacancy with charge states q and q’ are 

equal to each other. ε(q/q’)  is calculated using  

 

ε(q/q’) = (Eq’  - Eq)/(q’ - q),                                               (1) 

 

where Eq’ (Eq) is the total energy of the supercell that contains the relaxed structure of a 

halogen vacancy at charge state q (q’). The correction to the defect formation energy due 

to potential alignment (between the host and a charged defect supercell) 40, 41 was applied. 

We did not apply the image charge correction because experimentally measured static 
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dielectric constants are not available for all the compounds studied in this paper. 

However, it is known that the halides with ns2 cations typically have mixed ionic-

covalent character, which leads to strong lattice polarization and large static dielectric 

constants.21, 22, 24 Large static dielectric constants (such as 30.6 for TlBr) result in very 

small image charge corrections,42 which do not affect the conclusions of this paper. 

 

III. Results and Discussion 

A Br vacancy (VBr) in TlBr (simple cubic CsCl structure) has eight neighboring 

Tl+ ions. The Tl-Br bond length in TlBr is 3.45 Å. In comparison, the iodine vacancy in 

Tl6SeI4 has fewer Tl+ neighbors (six) and a longer average Tl-I bond length (3.49 Å). 

TlBr also has a much larger band gap (2.68 eV)19 than Tl6SeI4 (1.86 eV)15. A larger band 

gap usually favors the formation of deep defects. Nevertheless, 0
BrV  and 

BrV −  in TlBr are 

unstable whereas, in Tl6SeI4, IV −  is stable when the Fermi level is near the CBM and 0
IV  is 

metastable.23 Therefore, the size of the anion vacancy, the anion coordination number, 

and the band gap are unlikely the important factors that lead to the shallow VBr in TlBr.  

The VBr defect state in TlBr is derived from the conduction band states which 

have predominantly the Tl-6p characters. Figure 1 shows the partial charge density of the 

CBM state, which clearly exhibits the directional Tl-6p characters. The lobes of the Tl-6p 

orbitals point at the nearest-neighbor Tl ions instead of the nearest neighbor Br ions 

because the symmetry of the p orbitals is compatible with the symmetry of the Tl 

sublattice which has the six fold coordination for Tl. This leads to relatively weak Tl-Br 

hybridization and long Tl-Br bond length in TlBr. In VBr, there is not sufficient 



 9

hybridization among the Tl-6p orbitals to form a bonding orbital due to the relatively 

large distance between the center of the Br vacancy and the surrounding Tl cations. 

 

 

Figure 1. Charge density contour (yellow isodensity surface) of the CBM state in SC 

TlBr. The red and blue balls represent Tl and Br ions respectively. 

 

To gain more insight, VBr in TlBr of rock-salt (RS) NaCl structure is studied. TlBr 

has a simple cubic (SC) CsCl structure at room temperature. RS TlBr has been 

synthesized by surface deposition at low temperatures.39 In RS TlBr, every Tl+ cation is 

bonded with six Br- anions. The Tl-6p and Br-4p orbitals in RS TlBr point at each other 

and have better orbital overlap than in SC TlBr. The resulting Tl-Br bond in RS TlBr is 

more covalent with a bond length of 3.30 Å, shorter than that in SC TlBr, which is 3.45 

Å. VBr in RS TlBr is found to be a deep F center by hybrid density functional 

calculations. Figure 2 shows the formation energies of 
BrV + , 0

BrV  and 
BrV −   in RS TlBr. The 

(+,0), (0/-), and (+/-) charge transition levels, calculated using Eq. 1 are all located inside 

the band gap. At VBr, six Tl 6p orbitals point at the center of the Br vacancy, forming a 

bound a1 state, as shown, for example, for 
BrV −  in Figure 3. The a1 states of 

BrV +  and 
BrV −  are 
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0.14 eV and 0.75 eV below the CBM, respectively. For 0
BrV , the half-occupied a1 state is 

split to a lower-lying occupied state and a higher-lying empty state, which are 1.05 eV 

and 0.23 eV below the CBM, respectively.  The Tl-Tl distances at 
BrV + , 0

BrV , and 
BrV −  are 

6.80 Å, 6.22 Å, and 5.78 Å. In comparison, the Tl-Tl distance is 6.59 Å in the absence of 

VBr. Clearly, the electron trapping at the a1 state of VBr is accompanied by strong 

relaxation of Tl cations towards the center of the vacancy. 

The comparison between Br vacancies in SC and RS TlBr suggests that the 

special chemistry of the ns2 ion (which gives rise to p-orbital derived conduction band 

states) and the crystal structure both play important roles in creating shallow VBr in SC 

TlBr. In halides that contain ns2 cations, the hybridization strength of the cation-p 

orbitals, which are directional, in a halogen vacancy strongly depends on the crystal 

structure. When the symmetry of the crystal structure prevents the cation p orbitals from 

pointing towards the nearest-neighbor halogen anions as is the case for SC TlBr, the 

cation-anion distance would be relatively long and the hybridization between the cation-p 

orbitals in the halogen vacancy could be substantially reduced to cause the absence of the 

vacancy-induced bound defect state in the band gap. In contrast, the conduction band of 

alkali halides is made up of cation-s orbitals. These cation-s orbitals have spherical 

symmetry and can hybridize to form an s-like bound state in a halogen vacancy in alkali 

halides of both RS and SC structure.43 
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Figure 2. Formation energies of VBr at +1, neutral, and -1 charge states in RS TlBr. 

The formation energy of the neutral VBr is set to zero. The transition level ε(q/q’) 

[i.e, (+/0), (0/-), and (+/-) levels] is the Fermi level, at which the two formation energy 

lines with charge states q and q’ cross. The valence band maximum (VBM) and the 

CBM are at zero and 3.08 eV, respectively. 

 

 

Figure 3. Charge density contour (yellow isodensity surface) of the occupied a1 state 

of 
BrV −  in the band gap of RS TlBr. The red and blue balls represent Tl and Br ions 

respectively. 

 

CH3NH3PbI3 has a distorted ABX3 perovskite structure (body-centered tetragonal 

structure; space group I4cm) at room temperature.18 Each Pb2+ cation is bonded to six 

iodine ions. The Pb-6p and the I-5p orbitals point towards each other forming strong 
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covalent bonds. Nevertheless, the iodine vacancy in CH3NH3PbI3 is a shallow donor. This 

is likely related to the low coordination number (i.e., 2) for iodine anions. In an iodine 

vacancy, although the Pb-6p orbitals of the nearby Pb2+ cations point directly at the center 

of the vacancy, there are only two Pb-6p orbitals involved in the hybridization. In 

addition, the large A-site ion, (CH3NH3)
+, increases the lattice constant and the Pb-Pb 

distance, which further weaken the hybridization between the Pb-6p orbitals in an iodine 

vacancy. Therefore, the few number of Pb2+ neighbors and the large (CH3NH3)
+ ions may 

result in the weak hybridization of Pb-6p orbitals in the iodine vacancy (VI), which is 

insufficient to lower the a1 defect level below the CBM to create a bound state. To prove 

this point, VBr in CsPbBr3 is studied. CsPbBr3 has a smaller A-site cation and a smaller 

halogen anion than those in CH3NH3PbI3, which should decrease the Pb-Pb distance and 

consequently enhance the hybridization of Pb 6p orbitals in the Br vacancy. 

CsPbBr3 is a promising room-temperature gamma ray detection material.14 It has a 

distorted perovskite structure (orthorhombic structure; space group pnma).14 There are 

two inequivalent Br sites in CsPbBr3, i.e., equatorial and epical sites. 
BrV +  and 

BrV −  on the 

equatorial site are calculated to be more stable than those on the apical site by 0.13 eV 

and 0.40 eV, respectively, at the PBE level, consistent with the trend in CH3NH3PbI3. 

Thus, VBr in CsPbBr3 thereafter refers to VBr on the equatorial site.  

The Pb-Pb distance in 
BrV +  in CsPbBr3 is calculated to be 5.99 Å, which is much 

shorter than that in 
IV +  in CH3NH3PbI3 (6.58 Å). VI in CH3NH3PbI3 does not form a 

bound a1 state in the band gap. But VBr in CsPbBr3 is found to be capable of localizing 

one or two electrons accompanied by strong structural relaxation (shortening of the Pb-Pb 

distance). The calculated Pb-Pb distances at 
BrV + , 0

BrV , and 
BrV −  in CsPbBr3 are 5.99 Å, 5.15 
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Å, and 3.70 Å, respectively. In comparison, the Pb-Pb distance is 5.82 Å in the absence of 

VBr. The empty a1 defect state of 
BrV +  is above the CBM. The fully occupied a1 state of 

BrV −  

is 0.80 eV below the CBM. For 0
BrV , the half-occupied a1 state is split to a lower-lying 

occupied state, which is 0.46 eV below the CBM, and a higher-lying empty state, which 

is above the CBM. The partial charge density of the bound a1 state of 
BrV −  is shown in 

Figure 4. At 
BrV − , the strong Pb-6p hybridization creates a fully occupied strongly bound 

state. The lowered electronic energy offsets the strain energy induced by the shortening of 

the Pb-Pb distance.  

 

Figure 4. Charge density contour (yellow isodensity surface) of occupied bound 

defect state for 
BrV −  in CsPbBr3. Only one layer of corner-shared PbBr6 octahedra is 

shown and Cs ions are not shown for clarity. The red and blue balls represent Pb 

and Br ions respectively. 
 

Figure 5 shows the calculated formation energies of 
BrV + , 0

BrV , and 
BrV −  in CsPbBr3. 

The (+/-) transition level is 0.05 eV below the CBM. So 
BrV −  is stable when the Fermi 

level is near the CBM. The (+/0) and the (0/-) transition levels are calculated to be 0.16 

eV above the CBM and 0.26 eV below the CBM, respectively. 0
BrV  is metastable as shown 

in Fig. 5. Therefore, VBr in CsPbBr3 is a negative-U center. This is the result of strong 
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structural relaxation upon trapping electrons. In high-resistivity CsPbBr3 (high resistivity 

is required for semiconductor radiation detection materials.44,45), the Fermi level is near 

the midgap and 
BrV +  is stable. Since the (+/0) transition level is above the CBM (Figure 5), 

0
BrV  with a deep bound state is less stable than the neutral hydrogenic center and thus the 

electron should be trapped by 
BrV +  at a shallow hydrogenic level. This is consistent with 

the reported good electron mobility and lifetime in high-resistivity CsPbBr3.
14 

 

 

Figure 5. Formation energies of VBr at +1, neutral, and -1 charge states in CsPbBr3. 

The formation energy of the neutral VBr is set to zero. The transition level ε(q/q’) 

[i.e., (+/0), (0/-), and (+/-) levels] is the Fermi level, at which the two formation 

energy lines with charge states q and q’ cross. The valence band maximum (VBM) 

and the CBM are at zero and 2.21 eV, respectively. 
 

Different hybridization strengths of Pb-6p orbitals result in the different electronic 

properties of the halogen vacancies in CH3NH3PbI3 and CsPbBr3. Note that the larger 

CsPbBr3 band gap than that of CH3NH3PbI3 is not the reason for the different halogen 

vacancy properties in these two halides because the band gap difference is mainly due to 

the lower Br-4p-derived valence band in CsPbBr3 than I-5p-derived valence band in 
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CH3NH3PbI3. The conduction bands of these two halides are both made up of mainly Pb-

6p states, from which the halogen vacancy state is derived.    

CH3NH3SnI3 is a recently investigated photovoltaic material. Compared to VI in 

CH3NH3PbI3, which is already a shallow donor, the Sn-5p orbitals around VI in 

CH3NH3SnI3 are spatially less extended than the Pb-6p orbitals in CH3NH3PbI3 and thus 

are more difficult to hybridize to form a bound state in the band gap. Indeed, VI in 

CH3NH3SnI3 is found to be a shallow donor by density functional calculations. 
IV +  cannot 

localize electrons to form deep centers.  

In addition to TlBr, there are several halides/chalcohalides (e.g., InI, Tl6SeI4, and 

Tl6SI4) that have been studied recently for their potential radiation detection applications. 

The (+/-), (+/0), and (0/-) transition levels of VI in InI and Tl6SeI4 are all inside the band 

gap.23, 30, 31 The iodine coordination numbers in InI, Tl6SeI4, and Tl6SI4 are five, six, and 

six, respectively, compared to two in perovskite halides (i.e., CH3NH3PbI3, CH3NH3SnI3 

and CsPbBr3). The local symmetries around the iodine vacancies in InI, Tl6SeI4, and 

Tl6SI4 are low and do not prevent the hybridization of the Tl-6p orbitals at vacancies. 

Therefore, the a1 states of 0
IV  and 

IV −  in InI, Tl6SeI4, and Tl6SI4 are bound states inside the 

band gap. Although the (+/0) transition level is below the CBM, the electron trapping at 

IV +  should involve a kinetic barrier because the a1 defect state of 
IV +  is above the CBM. 

(The thermodynamic (+/0) transition level is inside the band gap because of the large 

structural relaxation upon the electron trapping.) This should reduce the electron trapping 

cross-section at 
IV +  in these materials. 

Based on the electron trapping properties of the positively charged halogen 

vacancy (
HV + ), halides can be categorized into four groups. In the first group, only 

HV +  is 
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stable and deep trapping is not even metastable. (In other words, 
HV +  cannot localize 

electrons at a deep level.) TlBr, CH3NH3PbI3, and CH3NH3SnI3 belong to this group. In 

the second group, 
HV +  is capable to localize one or two electrons at a deep a1 defect state 

to form 0
HV  and 

HV − . The (+/-) transition level is inside the band gap but the (+/0) transition 

level is above the CBM (negative-U character). Therefore, deep electron trapping at 
HV +  is 

energetically unfavorable compared to trapping at a hydrogenic shallow level. CsPbBr3 

belongs to this group. In the third group, electron trapping at a deep (+/0) level of the 

halogen vacancy is energetically favorable but is subject to a kinetic barrier (because the 

a1 level of 
HV +

 is above the CBM). InI, Tl6SeI4, and Tl6SI4 belong to this group.23,30 Most 

of the large-gap ionic halides (such as alkali halides) belong to the fourth group, in which 

electrons can be deeply trapped at the halogen vacancy with no appreciable kinetic 

barrier. (The thermodynamic transition levels and the single-particle a1 levels of the 

halogen vacancy are all inside the band gap.) These materials may be used as optical 

materials like scintillators but usually not as electronic or optoelectronic materials.4,46  

 

V. Conclusions 

 In light of the exceptionally good carrier transport efficiency in several halide 

optoelectronic materials (e.g., CH3NH3PbI3 and TlBr) and its correlation with the lack of 

halogen vacancy induced deep electron traps, we performed density functional 

calculations to understand the material structure and chemistry that create shallow 

halogen vacancies in these halides. The halogen vacancies in TlBr and CsPbBr3, two 

promising room-temperature gamma-ray detector materials, and CH3NH3PbI3 and 

CH3NH3SnI3, two high-performance photovoltaic materials, are studied in details. The 
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shallow-donor nature of halogen vacancies in CH3NH3PbI3 and TlBr is explained by the 

insufficient hybridization among cation orbitals around the halogen vacancy, which is 

related to the crystal structure and the chemistry of ns2 ions in these halides. We further 

predict that the iodine vacancy in CH3NH3SnI3 is also a shallow donor. For CsPbBr3, our 

calculations show that, although 
BrV −  (which has two electrons trapped at VBr) is stable 

when the Fermi level is near the CBM, the trapping of one electron at 
BrV +  (which is stable 

in CsPbBr3 radiation detector where the Fermi level is near midgap) should occur at a 

shallow hydrogenic level. These results suggest that shallow halogen vacancies can exist 

in halides to give rise to good carrier transport properties. The key is to find the right 

crystal structures and compounds, such as those with large cation-cation distances and 

low anion coordination numbers, and those with crystal symmetry that prevents strong 

hybridization among cation orbitals in the halogen vacancy.  
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