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ABSTRACT: The description of the band gap of halide perovskites at the
level of density functional theory (DFT) has been subject of several studies
but still presents significant problems and deviations from experimental
values. Various approaches have been proposed, including the use of
system-specific hybrid functionals with a variable amount of exact exchange
or the explicit inclusion of spin−orbit coupling (SOC) effects. In this work,
we present a pragmatic recipe to compute the band gap of halide
perovskites with a minimum average error. The recipe is tested on a set of
36 halide perovskites of the type ABX3 [A = Cs, methyl-ammonium (MA),
and formamidinium (FA); B = Ge, Sn, and Pb; and X = Cl, Br, and I] for
which experimental estimates of the band gap have been reported in the
literature. Upon assessment of the accuracy of commonly used DFT
functionals and the analysis of their performances based on error and
statistical analysis, we suggest a strategy to compute band gaps in halide
perovskites with a single functional. This is based on the use of the hybrid HSE06 functional where SOC is included exclusively for
Pb-containing compounds. The results are rationalized in terms of the materials’ chemical nature and are corroborated by the
prediction of their expected efficiencies in solar cells. The calculated efficiencies from band gaps obtained with the proposed
approach closely follow the experimental trend, demonstrating the importance of adopting a reliable but material-independent
computational strategy to screen new halide perovskite materials for solar energy conversion.

1. INTRODUCTION
The development of efficient devices capable of converting
solar light into electrical or chemical energy in an efficient way
is essential for the future of the energy transition. Starting from
the pioneering work by Fujishima and Honda who
demonstrated that a stable, cheap, and abundant material
such as TiO2 is active for the photocatalytic water splitting,

1 a
lot of efforts have been devoted to the development of new
materials for application in solar cells, photocatalysis, and
environmental remediation.2−6 Despite these efforts, very often
single-phase materials display low efficiencies due to two
detrimental events. The first issue is the band gap problem,
which is typical of TiO2 and ZnO to name a few and makes the
material a poor light-absorbing species, thus resulting in an
intrinsic low activity. The introduction of point defects that
alter the electronic structure or nanostructuring that retains the
chemical nature of the system has been considered a promising
route to improve the absorption of visible light.7−13

Unfortunately, a second problem is commonly present, due
to the fast charge carrier recombination process. Indeed, upon
visible light excitation, the generated electron−hole pairs must
be separated and driven toward the active sites to produce
electricity or chemical energy. However, electron−hole pairs
are unstable, and the quickest relaxation process is their
recombination. To solve this issue, composite materials have

been considered, based on the capability to separate electrons
and holes in different components of a heterojunction, thus
hindering the recombination process.4,14−17 In addition to the
abovementioned problems, one should consider that the
system must be stable under working conditions.18−20

Halide perovskites represent a promising class of com-
pounds bearing many of the required properties as far as the
conversion of solar light is concerned.21−28 A perovskite is a
solid with chemical formula ABX3. Archetype of this type of
crystal structures is CaTiO3 or SrTiO3. In halide perovskites, A
is a monovalent cation, B is a divalent cation, and X is the
halogen. B cations are octahedrally coordinated to X atoms and
A cations occupy dodecahedral sites, formed by the network of
corner-sharing octahedra. A can be either an inorganic species
such as Cs+ or organic as methyl ammonium (MA) and
formamidinium (FA) ions. B is usually a cation of the fourth
group Ge, Sn, or Pb. The halogen is commonly Cl, Br, or I.
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Halide perovskites are very versatile since the band gap can be
tuned by modifying the chemical composition, and this allows
one to obtain systems with the desired electronic properties.
Such a strategy allows one to have materials with band gaps
ranging from ∼1.5 to ∼3.0 eV.25,26 The combination with
other semiconductors such as TiO2 helps in separating the
electron and hole pairs; the oxide in the form of coating also
acts as a protecting agent.29−32 Fully inorganic halide
perovskites showed higher stability when compared to their
organic−inorganic analogues.33
Halide perovskites are widely applied in photocatalytic

experiments and solar cells, showing in some cases very high
power conversion efficiencies (PCEs).34−37 Among others,
Nasti and Abate reported recently a nice and detailed guide of
Sn-based halide perovskite solar cells,38 Guijarro et al. reported
very high efficiency of organic lead halide perovskite solar
cells,39 and Manna and co-workers reported a seminal review
of inorganic halide perovskites.40

The capability to tune the band gap of a semiconductor is a
crucial aspect, since it has direct implications to the observed
efficiency in the conversion of solar light. Shockley and
Queisser showed that the maximum theoretical efficiency of a
solar cell follows a mathematical relation with the band gap.41

This result can be obtained by applying the concept of detailed
balance. It was shown that the most efficient solar cells are
those with a band gap around 1.1−1.2 eV, consistent with the
experimental evidence.42

Given the versatility of halide perovskites in band gap
tunability, electronic structure theory can be of great help
when screening new potential materials with desired band gap
values. The reliability of a calculation is strongly dependent on
the accuracy that can be reached in the band gap estimation,
since this has direct implications in the prediction of the
efficiency in solar light conversion.
The band gap calculation of a material can be addressed by

several approaches. Among the most accurate methods for the
treatment of the excitation problem in a solid, one can find the
GW approach,43−45 which is in general computationally
demanding.46,47 The conventional computational methodology
is based on density functional theory (DFT).48−52 For the
specific case of halide perovskites, several important studies
have been reported.52−54 DFT band gaps are obtained from
the Kohn−Sham orbitals describing the conduction band
maximum and conduction band minimum of a system, which
of course represents an approximation of the real optical
excitation problem, and excitonic effects are neglected.55−60 It
should be said that DFT provides a-thermal band gaps,
therefore temperature effects are neglected. This aspect can be
addressed by performing ab-initio molecular simulation at
finite temperature,61−63 and for this specific and challenging
problem, we refer to a seminal work by Pasquarello and co-
workers.54 Despite the mentioned critical aspects, DFT
represents a valid compromise between computational cost
and accuracy.
Despite several efforts, the accurate description of the band

gap of halide perovskites with a single formulation of the
exchange−correlation functional in DFT is challenging and
often results in relatively large errors. For this reason, it is
common practice to study each perovskite with an ad hoc DFT
hybrid functional specifically designed to reproduce the band
gap of that specific perovskite.64−69 Needless to say that this
introduces a certain level of empiricism and severely limits the
possibility to predict in a reliable way the properties and the

band gap of an unknown perovskite, in the attempt to improve
the results, it is common practice to include spin−orbit
coupling (SOC) effects in the calculations.46 However, we will
show below that this is not always useful and it may result in
worsening the agreement with the experiment. The exception
is represented by the Pb-containing halide perovskites where
the use of SOC is essential.
In this work, we propose a simple recipe for the calculation

of the band gap of halide perovskites using a single DFT
approach which results in an average accuracy in band gap
prediction of 0.3 eV, which corresponds to an improvement of
0.2 eV compared to other commonly used approaches, and in a
smaller standard deviation. To this end, we investigated at the
DFT level, the entire set of perovskites of type ABX3 (A = Cs,
MA, or FA; B = Ge, Sn, or Pb; and X = Cl, Br, or I) for which
both crystal structure and band gap are experimentally
available. We have identified a set of 36 compounds for
which these data exist.
The role of an accurate determination of the band gap for

the prediction of the efficiency in solar energy conversion will
be discussed. We will show that the proposed recipe allows one
to provide sufficiently reliable efficiencies that closely follow
the experimental trend, at variance with other conventional
DFT functionals.
This work is organized as follows. We briefly summarize the

computational details; then, we present the main results based
on the working data set. In this section, we include an
extensive list of experimentally determined band gap for halide
perovskites with the known crystal structure. The results
section includes the error analysis and a principal component
analysis to rationalize the observed trends on a statistical basis.
A subsection is dedicated to the calculation of the expected
efficiencies in solar light conversion. Conclusions and future
perspectives are summarized in the last section.

2. COMPUTATIONAL DETAILS

The calculations have been performed at the level of DFT as
implemented in the VASP plane-wave-based code.70−72 The
projector augmented wave (PAW) pseudopotentials have been
adopted.73,74 The Perdew−Burke−Ernzerhof (PBE) and
Heyd−Scuseria−Ernzerhof (HSE06) parametrizations of the
exchange−correlation functional were used,75,76 and dispersion
contributions have been included by the Grimme’s D3
scheme.77 Spin−orbit coupling (SOC) effects were included
through the noncollinear implementation either for the
structural optimization and/or single-point runs.78 Conver-
gence in total energy was reached when the difference between
two consecutive self-consistent electronic cycles was less than 1
× 10−8 eV, and the threshold for the convergence of the forces
was set to 5 meV/Å. A working kinetic cutoff of 400 eV has
been adopted. The choice of the k-point mesh was system-
atically tested to have converged values. 9 × 9 × 9 and 4 × 4 ×
4 meshes were used for PBE and HSE06 calculations.

3. RESULTS AND DISCUSSION

3.1. Band Gap Data Set and Performances of DFT
Functionals. Before starting the analysis of calculated band
gaps, we screened the literature with the aim of finding the
experimentally available band gaps of ABX3 perovskites (A =
Cs, MA, or FA; B = Ge, Sn, or Pb; and X = Cl, Br, or I) in
different polymorphic forms (α = cubic, γ = orthorhombic, and
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t = tetragonal). An example of the polymorphs’ crystal
structures is reported in Figure 1.

Among the thousands of possible stable perovskites,79 our
data set has been chosen among the widely adopted ones for
solar light-harvesting purposes in the halide family. As
mentioned above, the crystal structure of the halide perovskites
is similar in their cubic or noncubic phases, with corner-sharing
BX6 octahedra. The inorganic (or organic) cations are
occupying the large dodecahedral sites in the unit cell,
resulting from the network of octahedra. The impact of
octahedral tilting and rotation of the organic cation has
become matter of extensive research for the interpretation of
the electronic band gap of halide perovskites.80,81 They span
from wide band gap semiconductors, for example, APbCl3, to
very low band gap ones such as ASnI3. Table 1 reports a
collection total of 127 experimentally determined values of
band gaps of 36 perovskites, and Table S1 reports details of the
perovskite crystal structures. In many cases, more than a single
band gap value is available for the same material, the source of
experimental gaps ranges from single crystals to powders to
nanocrystals. For around 40% of the materials, single-crystal
data are not available. Then, for the comparison with our
calculations, we use the average of the reported experimental
range of each species. Of course, this introduces some error
bars on the values used to benchmark the DFT calculations.

Among the full data set, the band gap values of α-CsSnBr3
(1.36 eV) and α-CsGeCl3 (2.03 eV) are quite off the mark
from the other measurements. For this reason, they have not
been included in the average. In Table 1, for each reported
band gap, the experimental technique used is also reported.
As a first step, we fully optimized the bulk crystal structure of

each perovskite at the PBE level and we evaluated the
corresponding band gap, Table 2. The mean absolute error
(MAE) from the experimental values is, not surprisingly, rather
high, 0.65 eV, a common issue of GGA functionals. We
repeated the band gap calculations using the experimental
crystal structure, to estimate the contribution of lattice
relaxation, which may be important when dealing with
fluxional species. The absolute deviation remains high, 0.60
eV, showing that the crystal structure optimization has only a
minor effect. Therefore, the rest of the calculations based on
the HSE06 hybrid functional have been performed for the
experimental crystal structures. Nevertheless, the absolute
deviation of the computed band gaps moving from PBE (0.60
eV) to HSE06 (0.57 eV) remains unacceptably high, Table 2.
Also, the standard deviation decreases by less than 0.1 eV,
being 0.46 eV for PBE and 0.39 eV for HSE06.
One possible strategy to improve the description of a

material consists into tuning the amount of exact Fock
exchange. This choice is by definition material-dependent. For
instance, one can tune the amount of exact Fock exchange to
reproduce the experimental band gap of a material. Another
theoretically more well-grounded approach is based on the self-
consistent determination of the amount of Fock exchange
based on the calculation of the dielectric constant.82−86 This
approach, named dielectric-dependent, in some cases results in
good results but not always provides the expected overall
improvement.87 We tested the use of self-consistent dielectric
dependent (DD) functionals for a subset of halide perovskites
but this resulted in an overall deterioration of the band gaps
estimates, with a net increase in the average error from 0.57 eV
(HSE06) to 0.73 eV (HSE06DD), Table S2. For this reason,
the use of DD functionals has not been further investigated.
One important aspect that is usually neglected in DFT

calculations is the contribution of SOC, which becomes
important for heavy elements. The addition of SOC effects on
HSE06 calculations has been shown to be effective in many
examples, including perovskites.169−171 Therefore, we repeated
the band gap calculations at the HSE06/SOC level. SOC has a
non-negligible effect on the band gaps, as expected. In all cases,
the inclusion of SOC decreases the band gap. On average, the
SOC contribution is around 1.0 eV for Pb-based perovskites,
0.35 eV for Sn-based ones, and it becomes 0.2 eV for Ge-based
perovskites.
Quite surprisingly, despite the relevant SOC correction, the

value of MAE at the HSE06/SOC level for the full set of
perovskites considered becomes 0.43 eV and does show only a
moderate improvement with respect to HSE06 (0.57 eV).
Even worse, the situation when SOC is included at the PBE
level, as here the MAE reaches the unacceptable value of 1.16
eV, Table 2.
Going in more detail, the HSE06 and HSE06/SOC

performances are extremely dependent in a nontrivial way on
the nature of the perovskite. MAE of HSE06 ranges from
nearly zero for α-MASnI3 and α-MAGeBr3 to 1 eV for α-
CsSnCl3 and γ-MAPbBr3. MAE of HSE06/SOC is almost zero
for α-FAPbI3 and t-MASnI3, while it is more than 1 eV for α-
CsGeCl3 and CsSnCl3. Also, the standard deviation of both

Figure 1. Example of the crystal structure of α-, γ-, and t-ABX3
perovskites. Panels (a−c) are for CsPbBr3, panels (d−f) are for
MAPbBr3, and panels (g−i) are for FAPbBr3. Blue: Br; gray: Pb; pink:
Cs; white: H; brown: C; and light blue: N.
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Table 1. Experimental Band Gaps of the ABX3 Perovskites from the Literaturea

N. materials band gap (type) material types and measurement types (RT = room temperature)

1 α-CsPbCl3 3.0 eV (direct) thin film, band gap from combined ultraviolet (UV) photoemission, absorption and reflectivity spectra (30−90 K)88

3.06 eV (direct) thin films, band gap from UV−photoluminescence (PL)26

3.18 eV (direct) nanocrystals and bad gap from PL Spectra (RT)89

2 α-CsPbBr3 2.3 eV (direct) thin film, band gap from combined ultraviolet (UV) photoemission, absorption and reflectivity spectra (30−90 K)90

2.35−2.40 eV
(direct)

thin film 400−500 nm thick, band gap from reflection-corrected transmission spectra91

2.32 eV (direct) thin film 400−500 nm thick, band gap from absorption spectra and Tauc plot91

2.43 eV (direct) nanocrystals and PL spectra (RT)89

3 γ-CsPbBr3 2.25 eV (direct) single crystal, band gap from diffuse reflectance, photoluminescence and transmission spectra (RT)92

2.29−2.33 eV
(direct)

single crystal, excitonic band gap from temperature dependent PL spectra combined with transmission and absorbance
spectra (10−180 K)93

2.34 eV (direct) powder crystal, band gap from UV−vis absorption and PL spectra94

2.37 (direct) 143 nm thin film on Si substrate, band gap from optical absorption and ellipsometry measurement95

2.48 eV (direct) thin films, band gap from reflectance and transmittance spectra using UV−vis−NIR spectrophotometer (RT)96

2.42−2.44 eV
(direct)

nanocrystalline, band gap from spectroscopic ellipsometry and imaginary part of dielectric constant (77−400 K)97

4 α-CsPbI3 1.73 eV (direct) quantum dot films 3−13 nm thick, band gap from UV−vis absorption and PL spectra (333−458 K)32

1.76 eV (direct) nanocrystals, band gap from UV−vis and transient absorption spectra (328−367 K)98

1.88 eV (direct) nanocrystals and PL spectra (RT)89

1.73 eV (direct) crystalline thin film, band gap from UV−vis absorbance spectra combined with normalized PL spectra99

5 γ-CsPbI3 1.72 eV (direct) thin films, band gap from combined measurement with transmission, absorption and PL spectra (4−270 K)100,101

1.63 eV (direct) single crystal, band gap from optical absorption spectra102

1.85 eV (direct) thin films, band gap from reflectance and transmittance spectra using UV−vis−NIR spectrophotometer (77 K)96

2.33−2.61 eV
(direct)

powder crystal, optical band gap from Tauc plot on the UV−vis absorption spectra103

6 α-CsSnCl3 2.9 eV (direct) single crystal, band gap from luminescence spectra at 77 K temp.104

2.8 eV (direct) thin film, band gap from UV−vis−NIR absorption spectra (RT)105

7 α-CsSnBr3 1.75 eV (direct) thin film, band gap from UV−vis−NIR absorption spectra (RT)105

1.36 eV (direct) powder crystal, band gap from PL spectra measurement at room temp. (RT)106

1.78 eV (direct) 150 nm thick thin films on FTO/TiO2, optical band gap from absorption and Tauc-plot107

1.92 eV (direct) nanocrystals, band gap from optical absorption108

8 α-CsSnI3 1.21−1.24 eV
(direct)

thin films, band gap from temperature dependent PL at temp. 50−100 K109

9 γ-CsSnI3 1.32 eV (direct) polycrystalline thin film, band gap from PL spectra at temp. 300 K110

1.30 eV (direct) single crystal, band gap from diffuse reflectance and PL spectra at room temperature111

1.31 eV (direct) single crystal and also crystalline thin film on quartz, band gap from PL and Tauc-plot on the optical absorption
spectra112

10 α-CsGeCl3 3.67 eV (direct) not mentioned113

2.03 eV (direct) nanorods, optical band gap from absorption and PL spectra (RT)114

3.43 eV (direct) powder crystal, band gap from UV−vis absorption spectra (RT)115

11 α-CsGeBr3 2.32 eV (direct) not mentioned113

1.91 eV (direct) nanorods, optical band gap from absorption and PL spectra (RT)114

2.38 eV (direct) powder crystal, band gap from UV−vis absorption spectra115

12 α-CsGeI3 1.53 eV (direct) not mentioned113

1.80 eV (direct) nanorods, optical band gap from absorption and PL spectra (RT)114

1.63 eV (direct) powder crystal, band gap from optical absorption and photoelectron spectra116

13 α-MAPbCl3 2.97 eV (direct) single crystal, band gap from combined ellipsometry and diffuse reflectance measurement (RT)117

2.95 eV (direct) single crystal and also thin film on SiO2, band gap from UV−vis absorption spectra (RT)118

2.88 eV (direct) single crystal, band gap from absorption and PL spectra (RT)119

3.02−3.15 eV
(direct)

single crystal, band gap from temperature dependent optical absorption (RT)120

3.05 eV (direct) nanocrystals, band gap from PL Spectra (RT)89

2.87−2.81 eV
(direct)

single crystal, band gap from combined UV−vis and PL spectroscopy121

3.1 eV (direct) thin films from solid solution, band gap from solar spectrum emission curve combined with transmittance and
absorption spectra122

14 α-MAPbBr3 2.24 eV (direct) single crystal, band gap from combined ellipsometry and diffuse reflectance measurement (RT)117

2.3 eV (direct) thin films from solid solution, band gap from solar spectrum emission curve combined with transmittance and
absorption spectra122

2.25 eV (direct) single crystal and also thin film on SiO2, band gap from UV−vis absorption spectra (RT)118

2.31 eV (direct) crystalline thin film on silica, band gap from absorption and PL edge123

2.22−2.35 eV
(direct)

single crystal, band gap from diffuse reflectance andKubelka−Munk spectra124

2.33 eV (direct) nanocrystals and PL Spectra (RT)89
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Table 1. continued

N. materials band gap (type) material types and measurement types (RT = room temperature)

2.30−2.33 eV
(direct)

single crystal, band gap from temperature dependent spectroscopic ellipsometry and Tauc-plot on absorption spectra
(183−440 K)125

15 γ-MAPbBr3 2.29 eV (direct) thin films, band gap from magneto optical absorption spectroscopy (140−200 K)126

2.18−2.31 eV
(direct)

single crystal, band gap from combined spectroscopic ellipsometry and PL spectra (77−295 K)127

16 α-MAPbI3 1.69 eV (direct) thin film on FTO, band gap from UV−vis optical absorption from temp. 310−400 K128

1.55 eV (direct) single crystal, band gap from combined ellipsometry and diffuse reflectance measurement (RT)117

1.55 eV (direct) single crystal and also thin film on SiO2 of 400−500 nm thick, band gap from UV−vis absorption spectra (RT)118

1.50 eV (direct) single crystal, band gap from diffuse reflectance and Kubelka−Munk spectra (RT)124

1.64 eV (direct) nanocrystals, band gap from PL spectra (RT)89

17 t-MAPbI3 1.55 eV (direct) solid solution, band gap from electronic absorption spectra129

1.57 eV (direct) crystalline thin film, band gap from UV−vis absorbance spectra combined with normalized PL spectra99

1.61−1.62 eV
(direct)

polycrystalline sample, band gap from pressure induced PL spectra (RT)130

1.60 eV (direct) thin films, band gap from UV−vis spectroscopy131

1.46 eV (direct) single crystal from solid solution, band gap from combined PL and Tauc plot132

1.52 eV (direct) powder crystal, optical band gap fromTauc plot on the UV−vis absorption spectra (RT)103

18 γ-MAPbI3 1.65 eV (direct) thin film on FTO, band gap from UV−vis optical absorption at temp. 4.2 K128

1.633 eV (direct) single crystal, band gap from optical absorption spectra at temp. 77−296 K133

1.51 eV (direct) single crystal, band gap from diffuse reflectance and Kubelka−Munk spectra (RT)134

1.59 eV (direct) thin films, band gap from PL spectra at temp. 12−300 K135

19 α-MASnCl3 3.69 eV (direct) thin film on quartz, band gap from optical absorbance spectra136

3.6 eV (direct) not mentioned clearly137

20 α-MASnBr3 2.2 eV (direct) thin film, band gap from UV−vis optical band gap measurement138

2.15 eV (direct) thin film on quartz, band gap from optical absorbance spectra136

21 α-MASnI3 1.2−1.4 eV
(direct)

polycrystalline crystal, band gap from diffuse reflectance spectra and converted to optical absorbance according to
Kubelka−Munk equation (RT)139

1.3 eV (direct) thin films, band gap from time resolved PL spectra140

1.30 eV (direct) solid solution, band gap from electronic absorption spectra129

1.23 eV (direct) powder crystal, optical band gap from absorption and PL spectra141

1.41 eV (direct) thin film deposited on mesoporous TiO2 substrate, Tauc plot on the optical absorption spectra (RT)142

1.15 eV (direct) single crystal, band gap from UV−vis/NIR diffuse reflectance spectra under ambient condition (RT)143

22 t-MASnI3 1.2 eV (direct) single crystal, band gap from diffuse reflectance spectra and converted to optical absorbance (RT)139

1.1 eV (direct) solid solution thin film coated on porous TiO2, band gap from electronic absorption spectra144

23 γ-MASnI3 1.2 eV (direct) spin-coated thin film on z-cut quartz crystal, band gap from temperature dependent PL and absorption measurement
(8−295 K)145

24 α-MAGeBr3 2.55 eV (direct) powder crystal, band gap from absorption with Kubelka−Munk and PL Spectra (RT)146

25 α-MAGeI3 1.90 eV (direct) single crystal, band gap from absorption spectra147

1.94 eV (direct) solid solution, band gap from absorption and PL spectra148

2.0 eV (direct) powder crystal, band gap from optical absorption and photoelectron spectra (RT)116

2.0 eV (direct) thin film deposited on mesoporous TiO2 substrate, Tauc plot on the optical absorption spectra (200 K)142

26 α-FAPbCl3 3.00 eV (direct) nanocrystals, band gap from PL spectra (RT)89

2.89 eV (direct) colloidal quantum dots, PL emission and absorption spectra149

2.88 eV (direct) powder bulk crystal, band gap from PL spectra150

27 α-FAPbBr3 2.29 eV (direct) nanocrystals, band gap from PL spectra (RT)89

2.34 eV (direct) colloidal quantum dots, PL emission and absorption spectra149

2.21 eV (direct) powder bulk crystal, band gap from PL Spectra150

2.28−2.32 eV
(direct)

single crystal, band gap from temperature dependent spectroscopic ellipsometry and Tauc plot on absorption spectra
(183−440 K)125

2.36 eV (direct) cubic nanocrystals, band gap from transient absorption spectra (292−304 K)151

2.27 eV (direct) single crystals, pressure dependent band gap from in situ absorption and PL micrograph measurement (RT)152

2.15 eV (direct) single crystal, band gap from steady state absorption spectra combined with PL spectra (RT)153

28 t-FAPbBr3 2.25−2.28 eV
(direct)

single crystal, temperature dependent spectroscopic ellipsometry and Tauc plot (183−440 K)125

2.29 eV (direct) thin films, band gap from magneto optical absorption spectroscopy126

29 γ-FAPbBr3 2.23 eV (direct) thin films, band gap from magneto optical absorption spectroscopy (140−200 K)126

2.10 eV (direct) single crystals, pressure dependent band gap from in situ absorption and PL micrograph measurement (RT)152

30 α-FAPbI3 1.54 eV (direct) nanocrystals, band gap from PL spectra (RT)89

1.59 eV (direct) colloidal quantum dots, PL emission and absorption spectra (RT)149

1.59 eV (direct) nanocrystals, band gap from optical absorption and PL spectra154

1.51 eV (direct) powder bulk crystal, band gap from PL Spectra (RT)150

1.48 eV (direct) crystalline thin film, band gap from UV−vis absorbance spectra99
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HSE06 and HSE06/SOC is almost the same, 0.39 and 0.34 eV,
indicating that errors are sparse to a similar extent.
3.2. Principal Component Analysis. In order to

rationalize the performances of the various functionals and to
find the main correlations between the nature of the materials
and calculated properties, we performed a principal component
analysis (PCA).172 PCA is a valuable methodology to unravel
the most relevant correlations between different variables in a
set of data. The methodology has been successfully applied in
recent quantum chemical studies.87,173,174 The variables
describing a data set are transformed by applying a linear
transformation. The new variables are called principal
components (PCs) and their transformation coefficients are
called loading vectors. A strong correlation/anticorrelation
between two variables corresponds to almost parallel loading
vectors forming an angle of 0°/180°, while orthogonal or
nearly orthogonal vectors indicate the absence of any
significant correlation between the variables.
The analysis has been performed by means of the R code.175

In Figure 2, we report the so-called loading plot, where the
original variables are reported in the new reference frame
defined by the two most relevant PCs (PC1 and PC2), which
is sufficient to describe 70% of the total variance of the system.
In general, this is sufficient to neglect the contribution of the
remaining components.174

The variables included in the analysis are the experimental
gap (Eg

exp), the band gap obtained at the HSE06 (Eg
HSE06) and

HSE06/SOC (Eg
HSE06/SOC) levels, the absolute deviation of

HSE06 (ΔEg
HSE06) and HSE06/SOC (ΔEg

HSE06/SOC) band
gaps from the experiment, and the extent of the SOC
correction (SOC). Moreover, we included in the analysis the
atomic/molecular weight of the components A (MA), B (MB),
and X (MX) of ABX3 perovskites. We assign an index

describing whether the perovskite is cubic (cubic) or not.
The reliability of the analysis has been checked by adding a few
control cases, namely, variables whose reciprocal correlation is
known. We have added three variables describing if the
perovskites contain iodine, (Icon), lead (Pbcon), and if they are
inorganic/organic (Cscon). Clearly, these three variables are
expected to strongly correlate with the weights of X, B, and A,
respectively. Finally, we added an additional control variable
defined by the volume per formula unit (Vfu) that should
correlate with the halogen size.
Among all variables, Cscon and MA, and the symmetry of the

system are poorly described by the PCs, that is, they are not
relevant in determining the correlations. This can be
understood by the fact that while the nature of A has an
effect both on the geometrical and electronic structure of
ABX3,

170,176 this is smaller than that of B and X. For this
reason, they are not reported in Figure 2. The same plot
containing all variables can be found in Figure S2. We first
observe from Figure 2 that, as expected, the variable indicating
the presence of iodine strongly correlates with the halogen
weight. A similar result is found for the two variables Pbcon and
MB. In addition, Vfu and MX strongly correlate as expected: the
heavier is the halogen, the bigger is the unit cell. Both
correlations demonstrate the reliability of the analysis.
Moving to the nontrivial correlations, SOC and MB almost

perfectly anticorrelate (angle equal to 180°). In fact, the
heavier the B, the more intense and with a negative sign is the
SOC correction. For Ge compounds, this is equal to −0.20 eV,
for Sn −0.35 eV and for Pb −1.05 eV. Interestingly, SOC does
not correlate with the nature of the halogen (angle 90°). The
band gap error with HSE06 strongly correlates with the nature
of cation B (angle 16°). Therefore, the lighter the B, the more
accurate is the HSE06. Indeed, ΔEg

HSE06 is 0.29, 0.37, and 0.78

Table 1. continued

N. materials band gap (type) material types and measurement types (RT = room temperature)

1.47−1.50 eV
(direct)

single crystal, band gap from spectroscopic ellipsometry (77−295 K)155

1.41 eV (direct) single crystal, band gap from steady state absorption spectra combined with PL spectra (RT)153

31 α-FASnBr3 2.55 eV (direct) powder crystal, band gap from diffuse reflectance (RT)156

2.39 eV (direct) powder crystal and possible mixture of cubic and orthorhombic phase, band gap from PL spectra vs. pressure (RT)157

32 α-FASnI3 1.41 eV (direct) polycrystalline crystal, band gap from diffuse reflectance spectra and converted to optical absorbance according to
Kubelka−Munk equation (RT)139

1.34−1.40 eV
(direct)

spin-coated crystalline thin film, Tauc plot on the absorption edges and PL spectra combined band gap measurement
(98 K-RT)158

1.45 eV (direct) crystalline 250 nm thick thin film, diffuse transmittance and reflectance spectra159

1.4 eV (direct) single crystal, band gap from UV−vis/NIR diffuse reflectance spectra under ambient condition (RT)143

33 t-FASnI3 1.15−1.25 eV
(direct)

single crystal, band gap from PL peak position (4 K-RT)160

34 γ-FASnI3 1.4−1.41 eV
(direct)

single crystal, band gap from diffuse reflectance spectra and converted to opticalabsorbance according to
Kubelka−Munk equation (RT)139

1.4 eV (direct) thin films, band gap from absorption spectra161

1.41 eV (direct) thin films, band gap from Tauc plot on absorption spectra162

1.44 eV (direct) spin-coated thin film on ITO, band gap from Absorption spectra combined with steady-state PL and time-resolved PL
decay163

35 t-CsPbBr3 2.48−2.50 eV
(direct)

nanocrystalline, band gap from spectroscopic ellipsometry and imaginary part of dielectric constant (77−400 K)97

2.30 eV (direct) single crystal, excitonic band gap from temperature dependent PL spectra (RT)164

36 t-MAPbBr3 1.60−1.64 eV
(direct)

thin film deposited on porous TiO2, band gap from PL excitation spectra combined with transient absorption spectra165

1.61 eV (direct) thin film from thermal vapor deposition, band gap from optical transmittance and reflectance spectra166

1.56−1.57 eV
(direct)

single crystal, band gap from temperature-dependent PL spectra167

1.58 eV (direct) thin film on Si substrate, band gap from temperature-dependent PL spectra (10−300 K)168

aEach band gap value is accompanied by the corresponding experimental technique.
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eV for Ge-, Sn-, and Pb-containing compounds. This confirms
that HSE06 performs well for Pb-free compounds. On the
other hand, the nature of the halogen has a secondary role
since a poor correlation (angle 106°) is observed with
ΔEg

HSE06.
The angle between MB and ΔEg increases from 16 to 121°

when moving from HSE06 to HSE06/SOC, indicating that the
error is less sensitive to the size of B; therefore, gap estimates
of Pb-based compounds are more accurate. Indeed,
ΔEg

HSE06/SOC is rather stable when B varies: 0.50 eV (B =
Ge), 0.51 eV (B = Sn), and 0.35 eV (B = Pb). On the contrary,
a clear anticorrelation (angle = 150°) emerges between
ΔEg

HSE06/SOC and the nature of the halogen. In particular,
MAE at the HSE06/SOC level goes from 0.94 eV for Cl-
containing perovskites to 0.40 eV for Br- and to 0.25 eV for I-
based compounds.
The results confirm that HSE06 and HSE06/SOC

approaches work reasonably well for two different domains;
(i) HSE06 estimates are reliable for all perovskites except for

Table 2. Calculated Band Gaps (in eV) of ABX3 Perovskites Investigated in This Work Using Various Approachesa

material PBE PBEopt PBE/SOC HSE06 HSE06/SOC Exp.av

1 α-CsPbCl3 2.32 2.4 1.33 3.23 2.18 3.09
2 α-CsPbBr3 1.9 2.1 1.05 2.71 1.64 2.36
3 γ-CsPbBr3 1.81 2.06 0.81 3.07 2.03 2.37
4 α-CsPbI3 1.75 1.74 0.87 2.39 1.25 1.81
5 γ-CsPbI3 1.65 1.79 0.69 2.78 1.75 2.12
6 α-CsSnCl3 1.19 1.3 0.97 1.78 1.42 2.85
7 α-CsSnBr3 1.03 1.04 0.85 1.45 1.09 1.84
8 α-CsSnI3 0.95 0.91 0.77 1.15 0.82 1.23
9 γ-CsSnI3 0.55 0.69 0.23 1.49 1.13 1.31
10 α-CsGeCl3 1.71 1.43 1.69 2.59 2.46 3.55
11 α-CsGeBr3 1.35 1.19 1.25 1.97 1.79 2.15
12 α-CsGeI3 1.2 1.12 1.05 1.61 1.34 1.67
13 α-MAPbCl3 2.47 2.56 1.47 3.52 2.41 3.02
14 α-MAPbBr3 2.05 2.04 1.12 2.93 1.81 2.28
15 γ-MAPbBr3 1.99 2.15 1.10 3.28 2.35 2.25
16 α-MAPbI3 1.77 1.65 0.87 2.50 1.32 1.62
17 t-MAPbI3 1.45 1.44 0.43 2.55 1.45 1.54
18 γ-MAPbI3 1.59 1.7 0.69 2.74 1.74 1.58
19 α-MASnCl3 1.71 1.55 1.42 2.60 2.25 3.65
20 α-MASnBr3 1.19 0.97 0.96 1.75 1.4 2.18
21 α-MASnI3 0.97 0.77 0.78 1.31 0.92 1.28
22 t-MASnI3 0.55 0.38 0.23 1.49 1.11 1.15
23 γ-MASnI3 0.71 0.63 0.45 1.69 1.38 1.20
24 α-MAGeBr3 1.64 1.27 1.11 2.5 2.32 2.55
25 α-MAGeI3 1.24 1.04 1.07 1.73 1.47 1.95
26 α-FAPbCl3 2.54 2.36 1.58 3.72 2.72 2.94
27 α-FAPbBr3 2.05 1.94 1.13 3.03 2.02 2.26
28 t-FAPbBr3 1.83 1.67 0.84 3.1 2.03 2.27
29 γ-FAPbBr3 1.81 1.97 0.83 3.06 1.99 2.17
30 α-FAPbI3 1.70 1.63 0.78 2.53 1.43 1.50
31 α-FASnBr3 1.35 1.07 1.09 2.15 1.88 2.47
32 α-FASnI3 0.99 0.87 0.75 1.50 1.17 1.40
33 t-FASnI3 0.57 0.33 0.29 1.49 1.13 1.20
34 γ-FASnI3 0.61 0.47 0.29 1.55 1.19 1.42
35 t-CsPbBr3 1.84 1.83 0.82 3.09 2.05 2.40
36 t-MAPbBr3 1.75 1.89 0.73 2.99 2.07 1.60
MAE 0.60 0.65 1.16 0.57 0.43
MUE −0.57 −0.62 −1.16 0.30 −0.38

aPBE band gaps at the optimized geometry are labeled PBEopt. PBE, HSE06, and HSE06/SOC band gaps are calculated at the experimental crystal
structure. The MAE and mean unsigned error (MUE) from the experimental values are reported in the last rows.

Figure 2. Loading plot made by the main PCs (PC1 and PC2). The
original variables are reported as vectors in the new reference frame.
For definition of the variables, see text.
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those containing Pb, irrespective of the nature of the halogen;
(ii) the use of SOC is recommended for Pb-based compounds,
while it deteriorates the estimate of the band gap in the other
cases, overcorrecting it. These conclusions explain the overall
similar accuracy of HSE06 (MAE = 0.56 eV) and HSE06/SOC
(MAE = 0.42 eV) over the entire data set.
According to this finding, with the proposed approach, MAE

at the HSE06 level for Pb-free compounds decreases to 0.34
eV; at the same time, using the HSE06/SOC approach on Pb-
containing perovskites, we obtain a very similar MAE, 0.35 eV.
In both cases, the error is significantly decreased with respect
to the case where the same approach, HSE06 or HSE06/SOC,
is applied to the entire set. In addition, the standard deviation
decreases as well to 0.29 eV by applying the SOC correction
only to the Pb-containing compounds.
This conclusion can be better appreciated by looking at the

graph reported in Figure 3. Each perovskite is defined by a
vector in the plane. The length of each vector is proportional
to the absolute deviation of the computed gap from the
experimental one. For Pb-free compounds, the HSE06/SOC
graph dominates over the HSE06 one because of the higher
deviations (longer vectors), Figure 3a. On the contrary, for Pb-
containing compounds, an opposite picture is obtained. By
combining this information, one can construct the graph of
Figure 3b where the HSE06 and HSE06/SOC estimates are
used for the two separate set of perovskites, Pb-free ABX3 and
Pb-based ABX3, respectively.
To summarize, with the statistical analysis, we have shown

that it is possible to improve the estimate of the band gap of
halide perovskites whose band gap is predicted with an average
error of ∼0.3 eV using a single formulation of the exchange−
correlation functional (HSE06) but including the spin−orbit
correction only for the specific case where the B cation is Pb.
This approach allows one to avoid the use of material-
dependent functionals with different amounts of Fock
exchange. A conclusive explanation of (i) the reason behind
the error of HSE06 and HSE06/SOC approaches and (ii) why

SOC tends to correct the band gap estimation for Pb-based
compounds while it provides an overcorrection to Sn and Ge
compounds is rather complex. A possible reason may be a
combination of different factors, the first is related to the
absence of temperature effects, as already mentioned; the
second may be appointed to the complex and fluxional
structure of some halide perovskites. An additional contribu-
tion may arise from the intrinsic error of DFT at the level of
HSE06 and HSE06/SOC. Insights on the first two aspects
could be obtained by performing dynamic simulations54 and
on the third aspect by adopting more elaborated method-
ologies for the electronic structure description as GW.

3.3. Band Gap and Expected Efficiency of Perovskite
Solar Cells. The importance of the accurate prediction of
band gaps for the screening of new materials is obvious but it
can be better visualized by investigating the impact of band gap
estimation on the predicted efficiency of halide perovskite solar
cells. In fact, the band gap of a perovskite is directly related to
the final efficiency of a solar cell.42 One can evaluate the
efficiency of a solar cell by integrating the fraction of solar
power that can be absorbed by a perovskite.177 This defines the
so-called ultimate efficiency, which is the highest efficiency by
neglecting any detrimental event. Of course, this is an upper
bound and real efficiencies are lower. On the other hand, one
can invoke the detailed balance approach pioneered by
Shockley−Queisser,41 which allows u to obtain PCEs quite
close to the real ones.
Figure 4 reports the efficiency of halide perovskites as a

function of their band gap according to the Shockley−Queisser
formulation. Panel (a) shows the efficiency according to the
experimental band gaps. The most efficient materials are ASnI3
and APbI3, since their band gap is close to the optimal one
(∼1.1 eV). Then, AGeI3, APbBr3, ASnBr3, and AGeBr3 have a
lower efficiency due to their higher gap. Among low-efficient
perovskites is APbCl3 with a predicted efficiency which is
about one-fourth of the optimal one.

Figure 3. (a) Performances of the HSE06 functional with and without SOC in evaluating the band gap of the 36 halide perovskites. The numbers
refer to the compounds reported in Tables 1 and 2. The length of each segment is proportional to the absolute deviation of the computed band gap
from the experimental one. Yellow and green areas highlight the regions where HSE06/SOC and HSE06 show the highest deviations. (b) Same
deviations using the approach proposed in this work.
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Interestingly, if we now estimate the efficiency using the
computed band gaps following our proposed recipe, we
retrieve a very similar trend, Figure 4b. On the contrary, if we
use the HSE06 and HSE06-SOC band gaps for the full set of
materials, we find significant deviations from Figure 4a (see
Figure S3). In particular, the efficiency of APbBr3 and APbI3
perovskites is significantly lower (by 15−20%) when the
HSE06 functional is used, while that of ASnBr3 and ASnI3
deviates from the experimental one due to the band gap
overcorrection when HSE06/SOC is adopted, see Figure S3.
Thus, the experimental trend of efficiencies of halide

perovskites cannot be reproduced using the HSE06 or
HSE06/SOC approaches to compute the band gap for the
entire set of materials, while a much better estimate is obtained
by restricting the SOC correction to Pb-containing perovskites.
The existence of a direct relationship between band gap and
efficiency in solar light capture, although approximate,
combined with the present recipe for the DFT estimate of
the band gap, provides a powerful tool for the screening of new
halide perovskites.

4. CONCLUSIONS
In this work, we proposed a simple recipe to evaluate the band
gap of halide perovskites within the DFT approach. We
selected a data set of 36 halide perovskites used in solar energy
conversion experiments, for which both crystal structure and
measured band gap are available from the literature. We listed
a total of 127 band gap estimates for the 36 materials. This
provides a solid database to benchmark the DFT-computed
band gaps. Based on an error analysis, we found that the
addition ofSOC to band gaps computed at the PBE level
overcorrects the gaps and induces an overall deterioration of
the accuracy. The addition of SOC to HSE06 for the entire set
of perovskites does not result in a general increase in accuracy:
while for some compounds, there is an improvement, for
others, the results are clearly worse than at the HSE06 level.
Based on a statistical analysis, we observed that the overall
similar (and low) accuracy of HSE06 and HSE06/SOC when
applied to the whole set of compounds is due to cancellation
effects and that the two functionals work well under two
different domains. In particular, HSE06 is valid for Pb-free

compounds, while the use of HSE06/SOC is relevant for Pb-
based perovskites.
Starting from this consideration, if we repeat the analysis of

the average accuracy for the two separate set of materials, Pb-
free or Pb-based, we found a significant increase in the
accuracy and a decrease in the standard deviation. The
implications of an improved accuracy in the estimate of the
band gap were shown for the prediction of the PCE of halide
perovskites. The proposed recipe allows us to retrieve the
correct experimental trend of efficiencies, while using the
HSE06 or HSE06/SOC for the entire set of data results in
much worse agreement. It should also be mentioned that in
this work, we looked at band gap estimation, but SOC may
have a different impact on other important properties such as
effective mass and optical absorption.
This simple strategy can be useful for the screening of the

band gap of new halide perovskites and possible other
materials for solar light-harvesting and has the clear advantage
that does not require to select a specific material-dependent
functional for the study of each system, thus increasing
considerably the predictive power of DFT for this kind of
problems.
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