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Abstract: Density functional theory calculations play an important role in the study of defects in halide perovskites. 

Although the traditional semi-local functionals (such as PBE) can obtain the band gaps close to the experiments, they 

fail to accurately describe the positions of the band edges. Utilizing more accurate hybrid functionals combined with 

the spin-orbit coupling (SOC) effect with full structure relaxation is considered to be necessary for the prediction of 

defect properties. There are two types of hybrid functionals in the literature, namely the screened HSE and the 

unscreened PBE0. In this study, taking the orthorhombic phase CsPbI3 as an example, these methods were compared 

for the calculation of defect properties. The results show that there is no obvious difference between two methods for 

bulk properties, but qualitative differences appear for the defect properties. Most of the shallow-level defects predicted 

in the HSE calculations become deep-level defects in the PBE0 calculations. Meanwhile, there are qualitative 

differences between the defect transition levels and the Kohn-Sham levels. The origin of above differences lies in the 

fact that the Hartree-Fock exchange potential has long-range interaction. Therefore, in unscreened hybrid functionals, 

such as PBE0, it is more difficult to obtain convergent results with a manageable supercell size. In contrast, HSE 

exhibits a screening effect on the Hartree-Fock exchange potential and can obtain accurate defect energy levels using 

relatively small supercell sizes. Therefore, all results here demonstrate that the HSE hybrid functional owns a 

significant advantage in dealing with this problem even though a large Hartree-Fock mixing parameter (about 0.43) is 

needed. 
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Over the past decade, halide perovskite materials, 
represented by CH3NH3PbI3, have made significant 
progress in the field of new solar cell materials. These 
materials do not contain any rare elements, and can be 
fabricated by low-cost methods[1-6]. In 2009, Miyasaka 
group[7] achieved a photoelectric conversion efficiency of 
3.8%. In 2013, Grätzel and Snaith group[2,8] achieved an 
efficiency of 15% using different cell structures. 
Recently, the highest efficiency of perovskite solar cells 
verified by the US National Renewable Energy 
Laboratory has reached 25.7%, which is close to the 
record of silicon-based cells (26.7%)[9]. Currently, halide 
perovskite solar cells still face some urgent problems, 
including material stability, lead toxicity, and efficiency 
reduction in large-scale cells. Despite These problems, 

the ability of halide perovskite solar cells to achieve such 
high efficiency in a short period of time is still 
unprecedented in the history of solar cell development. 

The halide perovskite materials also exhibit promising 
properties as luminescent materials. Research on the 
luminescence properties of these materials dates back to 
1977[10]. In 1994, the first organic-inorganic hybrid 
layered halide perovskite-based light-emitting diode 
(LED) was reported[11]. In 2014, with the significant 
progress in perovskite photovoltaics, an infrared LED based 
on CH3NH3PbI3 was achieved at room temperature[12]. In 
2018, quantum efficiencies higher than 20% were achieved 
in perovskite infrared and green LEDs through submicron 
structural design and compositional engineering[13-14]. 
Moreover, halide perovskite materials have also received 
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widespread attentions in fields such as light detection 
and high-energy particle detection[15-17]. 

It is worthwhile noting that these materials with 
excellent properties can be prepared by a relatively 
inexpensive solution method. Such synthesis method 
may introduce a substantial number of defects into halide 
perovskites. The development of traditional semiconductor 
materials is often limited by the control on defects, 
whereas halide perovskite materials exhibit high degree 
of tolerance to defects[18-25]. Theoretical calculations 
based on first-principles also support this view. For 
example, computational studies of CH3NH3PbI3 have 
found that the intrinsic defects tend to form shallow 
energy levels, which do not significantly contribute to 
carrier recombination. Deep energy levels in these 
materials are typically associated with Pb dimers or I 
trimers, which tend to occur only when the Fermi level is 
close to the band edges[26-27]. Therefore, in halide perovskite 
materials, which are commonly insulators (i.e., having 
the Fermi level near the center of the bandgap), defects 
with deep energy level may not appear. 

First-principles calculations based on density functional 
theory (DFT) are the main method to study the properties 
of point defects in semiconductor materials. Hybrid 
functionals have become a frequently used method in the 
study of point defects in semiconductor materials due to 
their accurate treatment of band gap. Combined with the 
spin-orbit coupling (SOC) effect, hybrid functionals can 
obtain band gaps that agree with experimental 
measurements[25]. However, to obtain band gaps that are 
consistent with experiments, parameters controlling the 
Hartree-Fock exchange energy ratio (denoted as α) need 
to be adjusted. Typically, α is set to 0.43 for the screened 
hybrid functional HSE calculations, and α is set to 
around 0.2 for the unscreened hybrid functional PBE0 
calculations[28-36]. The results obtained from these two 
methods have been discussed in bulk property 
calculations[37]. Their difference in defect calculations 
has also been reported for the organic-inorganic hybrid 
perovskite materials[38]. However, due to the uncertainty 
of structures of the organic cations at 0 K, the mechanism 
behind this difference remains unclear. 

In recent years, pure inorganic halide perovskite 
materials that do not contain organic cations (such as 
CH3NH3

+ and NH2CHNH2
+) have rapidly developed[39-46]. 

They not only possess higher thermodynamic stability 
but also avoid the potential volatility of organic 
cations[47-48]. Among pure inorganic halide perovskite 
materials, CsPbI3 has a suitable band gap for the 
preparation of solar cells, and the efficiency of this 
material has exceeded 21%[49]. In this study, the defect 
transition levels (DTL) of all point defects for CsPbI3 

calculated by HSE-0.43 and PBE0-0.2 functionals were 
compared to determine the effective method to accurately 
calculate the defect properties of halide perovskite.  

1  Computation method 

The VASP package was used in this work [50] and the 
orthorhombic phase of CsPbI3 (i.e., γ-CsPbI3) was 
considered. The interaction between ions and valence 
electrons was described by PAW potentials[51-52]. In 
calculations a plane-wave basis set was used, and 
changes in the volume or shape of the cell were 
considered. The plane-wave cutoff energy was set to 
408 eV (approximately 30 Ry) for calculations with 
varying cell parameters, and 238 eV for calculations with 
fixed cell parameters. The screened hybrid functional 
HSE and the unscreened hybrid functional PBE0 were 
compared. As mentioned above, the Hartree-Fock 
exchange energy mixing parameter α was set to 0.43 
(denoted as HSE-0.43) in the HSE calculation, while it 
was set to 0.2 (denoted as PBE0-0.2) in the PBE0 
calculation. Except for the cell parameter optimization, 
all calculations included the SOC effect. 

The equilibrium volume of the primitive cell was 
obtained by fitting the Murnaghan equation of state. The 
fitting used nine data points distributed uniformly within 
±12% of the equilibrium volume. For structural 
optimization of each data point, the lattice constants are 
allowed to vary while the cell volume was fixed. The 
bulk modulus of the material can also be obtained from 
the fitting of the equation of state. After obtaining the 
equilibrium volume through fitting, the parameters of the 
primitive cell and internal structural parameters were 
further optimized. The convergence criteria for total 
energy and forces were set to 1.36×10−7 eV and 
5.14×10−2 eV/nm (approximately 2×10−4 Ry/Bohr), 
respectively. The Brillouin zone was sampled using a 
3×2×3 k-grid centered at the Γ point.  

The band structure calculations were performed using 
the 3×2×3 k-grid amended with the k-points on the 
high-symmetry paths, whose weights were set to zero. 
The effective masses were obtained by parabolic fitting 
of the bands near the Γ point using six data points 
(including Γ). The density of states and dielectric 
constant were calculated using a 5×4×5 k-grid and 
720 bands which contain 544 valence bands. It was 
found that the choices of k-grid (3×2×3 or 5×4×5) and 
plane wave cutoff energies (408 or 238 eV) have 
insignificant effects on the band gap width (<0.01 eV).  

Defect calculations were performed using the 
supercell method. A supercell containing 160 atoms was 
constructed from a primitive cell of 20 atoms using a 
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transformation matrix (2 0 0 | 0 1 -1 | 0 2 2). The 
Brillouin zone of the supercell was represented by the Γ 
point. Structural relaxations were carried out using 
hybrid functionals combined with the SOC effect until 
the forces on all atoms were less than 0.257 eV/nm. To 
perform batch calculations using hybrid functional 
combined with the SOC effect, the PREC and 
PRECFOCK parameters were set to Normal and Fast, 
respectively. The DTL calculation was performed using 
the formula  

 

D D
VBM( / )

q qE E
q q E

q q



 





     (1) 

where D
qE  and D

qE   represent the total energy of point 

defects with charge state q and q , respectively, and 

EVBM is the Kohn-Sham eigenvalue at the valence band 
maximum of defect-free γ-CsPbI3. Further details on the 
defect calculation method can be found in references[27, 53]. 

2  Results and discussion 

Fig. 1 shows the E-V relationship between the unit cell 
volume and total energy. The data points are obtained 
from hybrid functional calculations without the SOC 
effects, and the curve represents the result fitted by the 
Murnaghan equation of state. It can be seen that the 
curves obtained by two functionals, HSE-0.43 and 
PBE0-0.2, are similar, and the fitted bulk modulus (B0) 
values are 14.1 and 13.3 GPa, respectively, indicating 
that CsPbI3 is a soft material. 

Based on the equilibrium volume obtained by fitting 
the Murnaghan equation of state, primitive cell 
optimization was performed, and it was found that the 
lattice constants obtained by PBE0-0.2 are slightly larger 
than those obtained by HSE-0.43, as shown in Table 1. 
The differences in internal structural parameters obtained 
by two methods are less than 0.2%. 

Fig. 2 compares the band structures obtained by two 
 

 
 

Fig. 1  Fitting Murnaghan equation of state to obtain the 
equilibrium volume and bulk modulus with inset showing the 
atomic structure of γ-phase CsPbI3 

methods. Since the calculations combining hybrid 
functionals and SOC require high computational cost, 
only energy bands along the three main axes from the Γ 
point were considered. The direct band gap at the Γ point 
obtained by HSE-0.43 and PBE0-0.2 are 1.71 and 
1.68 eV, respectively. The band structures obtained by 
two methods are similar, with the main difference being 
that the valence band width obtained by HSE-0.43 (about 
4.2 eV) is broader than that obtained by PBE0-0.2 (about 
3.8 eV). 

Fig. S1 in the supporting materials compares the 
density of states (DOS) obtained by two methods. Except 
for the smaller valence band width obtained by PBE0-0.2, 
there are no other significant differences. Fig. S2 
compares the effective masses calculated by two methods. 
The electron effective masses obtained by HSE-0.43 are 
(0.17–0.19)m0, while the hole effective masses are 
(0.20–0.23)m0. The corresponding values obtained by 
PBE0-0.2 differ from the HSE-0.43 results by less than 
0.1m0. Fig. S3 shows the real (ε1) and imaginary (ε2) 
parts of the dielectric constant. There is a slight 
difference in the bulk dielectric constant calculated by 
the HSE-0.43 and PBE0-0.2 functionals. At 0 eV, ε1 is 
4.4 and 4.6 from HSE-0.43 and PBE0-0.2, respectively. 
The slight shift of ε2 obtained by the two methods is 
related to the slight difference in the band gaps.  

Next, the differences between two methods in defect 
property calculations are discussed. In this study, 
vacancies of Cs, Pb, and I atoms (vCs, vPb, and vI), 
interstitial atoms (Csi, Pbi, and Ii), and anti-site defects 
(CsPb, PbCs, CsI, ICs, PbI, and IPb) are considered. As shown 
in Table 1, there are two symmetric positions for I atoms 
in the orthorhombic phase CsPbI3, denoted as I1 and I2. 
Both positions were considered for defect calculations, 
and the one with lower energy were chosen to show the 
results. 

We focus on shallow-level defects in this work. For 
deep-level defects, their positions in the band gap are 
affected by the interaction between periodic image 
charges, which is not the topic of discussion in this work.  

 
Table 1 Lattice constants and internal parameters  

of orthorhombic CsPbI3 calculated by two  
different hybrid functionals 

HSE-0.43 PBE0-0.20 
 

X/a Y/b Z/c X/a Y/b Z/c 

 
a/nm

0.9008
b/nm

1.2525
c/nm 

0.8632 
a/nm 

0.9061 
b/nm

1.2589
c/nm

0.8674

Cs 0.4312 0.25 0.0228 0.4294 0.25 0.0238

Pb 0 0 0 0 0 0 

I1 0.5110 0.25 0.5783 0.5104 0.25 0.5804

I2 0.2021 0.0387 0.3017 0.2017 0.0395 0.3021
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Fig. 2  Band structures of γ-CsPbI3 calculated by two hybrid functionals HSE-0.43 (a) and PBE0-0.2 (b) including the SOC effect 
 

Previous studies have found that deep-level defects in 
CsPbI3 are often accompanied by the formation of Pb 
dimers and I trimers[26-27]. Therefore, the defect structures 
without the above-mentioned structural distortions were 
discussed, even if the structure is metastable. Fig. 3 
shows the structures of intrinsic defects in neutral charge 
state, where no Pb dimers and I trimers appear. Since the 
defect structures obtained by two methods are similar, 
only the structures after relaxation with PBE-0.2 are 
shown in Fig. 3. 

Fig. 4(a) shows the DTLs obtained by the HSE-0.43 
functional for each defect. We only consider the 
transition from −1 to 0, ε(−/0), for the acceptors and from 
0 to +1, ε(0/+), for the donors, as these two transition 
levels are most directly related to the nonradiative 
recombination of charge carriers[53]. As can be seen, in 
the absence of Pb dimers and I trimers, DTLs calculated 
by HSE-0.43 are all shallow-level defects, except for the 
slightly deep ε(−/0) level of Ii. Fig. 4(b) shows DTLs 
calculated by the PBE0-0.2 hybrid functional, which 
exhibit a clear contrast with the results of HSE-0.43. 
Firstly, ε(−/0) levels of all acceptor defects are  

 

 
 

Fig. 3  Atomic structures of 12 intrinsic defects after 
relaxation in neutral charge state 
As two functionals yield similar structures, only the structures from 
PBE0-0.2 calculations are shown here 

significantly deeper, and ε(0/+) levels of all donor 
defects except for Pbi and PbI are also deeper. 

To investigate the deep-level defects observed in the 
PBE0-0.2 calculation, Kohn-Sham levels of defect 
supercells obtained from two functionals were further 
compared. Six types of single acceptor and single donor 
defects with an unpaired electron (or hole) in their 
neutral state were selected, and the qualitative 
differences between the results of two functionals were 
clearly observed by examining the position of the 
unpaired electron (or hole) in Kohn-Sham energy levels. 
For the donor (or acceptor) defects, Fig. 5(a) shows the 
position of the unpaired electron (or hole) in the bandgap 
obtained from the HSE-0.43 calculation. For the typical 
shallow-level defects vCs, vI, Csi, and CsPb, the position of 
the unpaired electron (or hole) in the bandgap is very 
close to the band edge (i.e., VBM or CBM). However, for 
the PBE0-0.2 results in Fig. 5(b), the energy level positions 

 

 
 

Fig. 4  Defect transition levels in γ-CsPbI3 calculated by 
HSE-0.43 (a) and PBE0-0.2 (b) 
Blue lines: acceptor levels; Red lines: donor levels 
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Fig. 5  Kohn-Sham energy levels of vCs, vI, Csi, Ii, CsPb and PbCs defects calculated by HSE-0.43 (a) and PBE0-0.2 (b) 
For acceptor defects, the left half is for −1 state, while the right half is for the neutral state. For donor defects, the left half is for  

neutral state, while the right half is for +1 state. Open and solid circles represent holes and electrons, respectively. 

 

of above four defects clearly enter the band gap, which is 
consistent with the appearance of deep DTL in Fig. 4(b). 

The cases of Ii and PbCs are more complicated. 
Previous studies have shown that Ii may have both 
acceptor and donor properties (i.e. amphoteric defect)[54]. 
The structural distortions of both defects are relatively 
large, which may lead to the appearance of deep-level 
defects. Both functionals in Fig. 4 give a deeper ε(−/0) 
level for Ii, and the result from PBE0-0.2 is slightly 
deeper. For the ε(0/+) level of PbCs, the result from 
HSE-0.43 is above CBM, indicating that the level is 
relatively shallow, while the result from PBE0-0.2 is 
deeper as shown in Fig. 4(b). Although the Kohn-Sham 
levels of PbCs in Fig. 5 are deep, its ε(0/+) level is not a 
deep-level defect, which is related to the detailed 
bonding situation of Pb at Cs site. 

Comparing the results of two functionals, it is found 
that, relative to PBE0-0.2, although the proportion of 
Hartree-Fock exchange in HSE-0.43 is higher, it still 
gives correct results for typical shallow-level defects. 
The exchange interaction in Hartree-Fock calculations is 
a long-range interaction. In supercell calculations, the 
size of the supercell is usually not sufficient to avoid the 
interaction between the defect and its periodic images, 
which leads to a decrease in the energy level of the defect 
and its entry into the bandgap. This is the reason for the 
deep-level defects observed in PBE0-0.2[55]. In contrast, 
HSE-0.43 screens the long-range Hartree-Fock 
interaction and can avoid this problem even in a 
relatively small supercell of 160 atoms, as used in this 
study. In principle, PBE0-0.2 may also obtain shallower 
levels in larger supercells. 

3  Conclusions 

This study compared the performance of two main 
hybrid functional methods, HSE-0.43 and PBE0-0.2, in 

calculating the intrinsic defect properties of the 
orthorhombic phase CsPbI3. To accurately describe the 
band gap, all defect calculations considered the spin- 
orbit coupling effect, including structural relaxation. The 
properties of the bulk phase were firstly studied using 
two methods, and it was found that except for slight 
quantitative differences, their results were basically 
consistent. However, there were qualitative differences 
between the defect transition energy levels and Kohn- 
Sham energy levels obtained by two methods. The 
shallow energy levels obtained by HSE-0.43 were mostly 
converted to deep energy levels in PBE0-0.2 calculations. 
This result is attributed to the long-range interaction of 
the Hartree-Fock exchange potential, which cannot be 
avoided in PBE0-0.2 calculations using small-size 
supercells, while the HSE functional, which screens the 
long-range Hartree-Fock exchange potential, could 
obtain the converged defect properties using relatively 
small supercells. Therefore, the HSE functional is an 
efficient method for accurate prediction of the defect 
properties of halide perovskite materials, and eligible for 
the related design of photovoltaic, light-emitting and 
scintillation materials. 

Supporting materials 

Supporting materials related to this article can be found 
at https://doi.org/10.15541/jim20220756. 
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杂化泛函 HSE 和 PBE0 计算 CsPbI3缺陷性质的比较研究 

吴晓维 1, 张 涵 1,2, 曾 彪 1,2, 明 辰 1,2, 孙宜阳 1,2 
(1. 中国科学院 上海硅酸盐研究所, 上海 201899; 2. 中国科学院大学 材料科学与光电工程中心, 北京 100049) 

摘 要:在卤族钙钛矿材料的缺陷研究中, 密度泛函理论计算发挥着重要作用。传统的半局域泛函(如 PBE)虽然能够

得到与实验接近的禁带宽度, 但是已有研究表明其不能准确描述材料的带边位置。采用更准确的杂化泛函, 结合自

旋轨道耦合(SOC)效应与充分的结构优化开展缺陷研究十分必要。可以选择两种杂化泛函, 即屏蔽的杂化泛函 HSE

和非屏蔽的杂化泛函 PBE0。本研究以正交相 CsPbI3 为例, 系统比较了两种方法在缺陷性质计算上的差异。计算结

果表明, 对于体相性质, 两种杂化泛函并无明显的差别。但是, 对于缺陷性质, 两种泛函出现定性的差别。HSE 计

算中预测的浅能级缺陷, 在 PBE0计算中大部分变为深能级缺陷, 且缺陷转变能级和Kohn-Sham能级均出现定性差

别。上述差别的本质在于, Hartree-Fock 交换势具有长程作用特征, 因而普通的杂化泛函如 PBE0 在计算量允许的超

胞尺寸上无法得到收敛的结果, 而 HSE 对上述交换势具有屏蔽作用, 可采用相对小尺寸的超胞得到收敛的缺陷能

级。本研究结果表明, 尽管 HSE 杂化泛函需要较大的 Hartree-Fock 混合参数(约 0.43), 其仍是准确计算卤族钙钛矿

缺陷性质的有效方法。 

关  键  词: 钙钛矿; 本征缺陷; CsPbI3; 杂化泛函; 第一性原理计算 
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Comparison of Hybrid Functionals HSE and PBE0 in  
Calculating the Defect Properties of CsPbI3 

WU Xiaowei1, ZHANG Han1,2, ZENG Biao1,2, MING Chen1,2, SUN Yiyang1,2 

(1. Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 201899, China; 2. Center of Materials Science and 
Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China) 

Fig. S1 compares the density of states (DOS) obtained 
by the two methods. It can be seen that, except for the 
smaller valence band width obtained by PBE0-0.2, there 
are no other significant differences. Each peak on two 
total DOS curves can be corresponded to each other, but 
the peak positions are slightly shifted. From the 
decomposed DOS curves, it can be seen that the valence 
band is mainly contributed by the p orbitals of I, and the 
s orbitals of Pb also contribute near the valence band 
maximum (VBM). The conduction band minimum (CBM) 
is mainly contributed by the p orbitals of Pb. 

Fig. S2 compares the effective masses of carriers 
obtained by two methods through parabolic fitting. CBM 
and VBM are taken as the energy reference points for the 

conduction and valence bands, respectively, for 
convenience of plotting. It can be seen that the energy 
bands near the Γ point can be well fitted by parabolas 
along three principal axes directions. The maximum 
difference in effective mass along three directions is 
about 0.1m0. The difference in effective masses of 
electrons and holes is also small, indicating a balanced 
electron-hole transport property of CsPbI3. 

Fig. S3 shows the real and imaginary parts of the 
dielectric constant, respectively. Since the accurate 
calculation of dielectric constant requires a sufficient 
number of empty states and a sufficient high density of 
k-points, the PBE functional was first employed to test 
the convergence of the number of empty states and the 

 

 
 

Fig. S1  Total and projected density of states of γ-CsPbI3 calculated by two hybrid functionals  
HSE-0.43 (a) and PBE0- 0.2 (b) including the SOC effect 

 

 
 

Fig. S2  Parabolic fitting of the band near Γ point to obtained the effective masses of electrons and holes. 
For clarity, the electron and hole bands are referenced to the CBM and VBM, respectively; SOC effect is included here; (a) HSE-0.43; (b) PBE0-0.2 
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density of k-points. The results showed that a 5×4×5 
k-point grid and 544 empty states can converge the 
calculated dielectric constant to an accuracy of about 
0.01. Figure S3 shows that there is a slight difference in 
the bulk dielectric constant calculated by the HSE-0.43 
and PBE0-0.2 functionals. The difference is about 0.19 
for ε1 at 0 eV and the slight lagging behind of ε2 

calculated by HSE-0.43 is related to the slightly wider 
band gap obtained by this method. 
  

 

Fig. S3 Comparison of dielectric constants calculated by two 
hybrid functionals 
(a) Real part ε1; (b) Imaginary part ε2; Calculations considered SOC 
effect and employed 5×4×5 k-grid and 544 empty bands 

 
 

 


