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ABSTRACT: We carry out rst-principles calculations of band gaps of cubic inorganic

perovskites belonging to the class CsBX,, with B = Pb, Sn and X = Cl, Br, I. We use the quasi- QsGw
particle self-consistent GW method with e cient vertex corrections to calculate the electronic +
structure of the studied materials. We demonstrate the importance of including the higher- SOC
lying core and semicore shells among the valence states. For a meaningful comparison with +
experimental values, we account for thermal vibrations and disorder through ab initio MD
molecular dynamics. Additionally, we calculate the spin orbit coupling at levels of theory of
increasing accuracy and show that semilocal density functionals signi cantly underestimate l
these corrections. We show that all of these e ects need to be properly included in order to
obtain reliable predictions for the band gaps of halide perovskites.
band gap
M etal halide perovskites have attracted great attention as
promising materials for high-e ciency solar cells.! *
The photoelectric conversion e ciencies of devices based on
this class of materials have reached 22.1% in only a few years
since their advent. Because halide perovskites consist of ® Cs
abundant elements, they have the potential to combine high @B
e ciency with low cost. Currently, extensive e orts are still
being made to nd compounds that could be used to produce o X
e cient, nontoxic, and cheap solar cells.” ® To identify novel
compounds with optimal optical properties, a modeling
approach yielding accurate predictions for their band gaps is
highly desirable.
In this Letter, we set out to assess the accuracy by which Figure 1. Representation of the crystal structure of the cubic
advanced electronic structure methods give the band gap of perovskites belonging to the class CsBXs, with B = Pb, Sn and X =

halide perovskites. To this end, we focus on a class of cubic Cl, Br, I.
inorganic perovskites given by the formula CsBX; (see Figure
1), in which B stands for Pb or Sn and X for a halide atom (Cl,
Br, or I). This class of perovskites carries the advantage of a

corrections is found to give an excellent description of the
experimental results.

small unit (_:ell for permitting high-level _calcul_ations and_is yet Methods. The band gap calculations presented here are
representative of the larger class of organic halide perovskites as carried out at several levels of theory. First, we perform
the band-edge states mainly result from the inorganic network. calculations within density functional theory (DFT) based on
After setting a reference at the hybrid functional level, we the semilocal Perdew Burke Ernzerhof (PBE) functional.
mainly focus on GW calculations in various schemes, up to Next, we turn to the hybrid functionals, proposed by Perdew,
involving full self-consistency and vertex corrections in the Burke, and Ernzerhof (PBEO)’ and by Heyd, Scuseria, and
screening. In particular, our study devotes special attention to Ernzerhof (HSE)."®™* The fraction of nonlocal Fock exchange
e ects associated with the inclusion of deep-lying states,
thermal disorder, and spin orbit interaction. When all of these Received: October 6, 2017
e ects are properly accounted for, the quasi-particle self- Accepted:  October 27, 2017
consistent GW scheme including e cient treatment of vertex Published: October 27, 2017
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is set to 25% in both of these functionals, as in the original
proposals. Further, we apply the many-body perturbation
theory based on Hedin's GW scheme.'? We perform both one-
shot GyW, calculations with a PBE starting point and
quasiparticle self-consistent QSGW calculations including an
e cient exchange correlation kernel to account for vertex
corrections in the screened interaction potential W.** The latter
scheme has been shown to vyield good agreement with
experiment for a wide range of materials.”> We note that the
standard QSGW method,***> which does not include a kernel
for vertex corrections, systematically overestimates the values of
the band gaps.® '’ Core valence interactions in all calcu-
lations are treated through norm-conserving pseudopoten-
tials."® More details on the calculations can be found in the
Supporting Information.

Halogen Semicore Electrons. First, we examine the e ect of
including the higher-lying core and semicore shells among the
valence functions. In Table 1, we compare band gaps of CsPbl,

Table 1. Band Gap (eV) of CsPbl;, CsPbBr;, and CsPbCl,
Calculated at Various Levels of Theory Using Di erent
Pseudopotential Con gurations®

CsPbl,
|7+ |17+ |25+
PBE 114 114 114
HSE 143 162 145
PBEO 2.04 2.26 2.08
GoW, 182 229 1.89
QSGW 2.03 3.05 224
CsPbBr;
Br7+ Br17+ Br25+
PBE 154 154 154
GoW, 255 322 256
CsPbCl;
cP* cl
PBE 1.94 1.93
GoW, 336 293

@Calculations are performed at the experimental lattice constant.

achieved at various levels of theory, including 7 (5s and 5p), 17
(4d, 5s, and 5p), and 25 (4s, 4p, 4d, 5s, and 5p) electrons
among the valence states of 1 (I"*, I*"*, and 12 con gurations,
respectively). At the PBE level, the di erent pseudopotentials
give the same band gap. For the hybrid functionals HSE and
PBEQ, the band gap calculated with 17 valence electrons is
larger by 0.2 eV than that achieved with only 7 valence
electrons. For the 1* con guration, in which the whole fourth
shell is included among the valence states, the band gap
achieved with the I”* con guration is restored. This suggests
that partial inclusion of the fourth shell leads to band gap
errors. In the GW methods, the overestimation of the band gap
due to the use of the pseudopotential with 17 valence electrons
is even more prounounced. In the case of QSGW, the use of an
improper pseudopotential can lead to a deviation of almost 1
ev.

The importance of the number of valence electrons in GW
calculations of halide perovskites has already been pointed out.
Filip and Giustino'® noticed that including 17 valence electrons
in the pseudopotential of I increases the band gap in the case of
CH3NH4Pbl;. They adopted this pseudopotential in their
QSGW calculations of CH3NH3Pbl; and CsPbls. In the case of
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CH3NH;Pbl,, it was later observed by Scherpelz et al.? that
the 11 pseudopotential yields band gaps signi cantly larger
than those obtained with 7 or 25 valence electrons due to the
incomplete treatment of the semicore electron shell. This
observation is consistent with the present calculations for
CsPbls. Interestingly, in both cited studies, it was noted that the
best agreement with experiment is achieved with the 1¥7*
pseudopotential. At variance, we argue in this work that the
observed agreement was due to error cancellation, as will
become clear from the following.

We also study the in uence of the pseudopotential
con guration on the calculated band gap in the case of Br
and Cl. The results are given in Table 1. For Br, we notice that,
as in the case of I, the con guration with 17 valence electrons
leads to overestimation of the band gap at the GW level. In the
case of Cl, we similarly observe that the CI*** pseudopotential
con guration is required to obtain converged results at the GW
level of theory. On the basis of the above tests, we use 1%,
Br®®* and CI*™* pseudopotential con gurations in the following
band gap calculations.

In Table 2, we compare the band gaps of the considered
inorganic halide perovskites achieved with PBE, HSE, PBEO,

Table 2. Band Gaps (eV) of Inorganic Halide Perovskites in
the Cubic Phase, Calculated at Various Levels of Theory®

PBE HSE PBEO GoWp QSGW
CsPbls 114 1.45 2.08 1.89 2.24
CsPbBr; 154 1.95 261 2.56 315
CsPbCls 1.93 2.38 3.07 293 3.66
CsSnl; 033 0.59 117 0.82 121
CsSnBr; 041 0.74 134 1.02 1.66
CsSnCl, 0.80 117 181 1.40 2.22

@Calculations are performed at the experimental lattice constant.

GoW,, and QSGW. For all of the considered halide perovskites,
the HSE hybrid functional opens the PBE band gap by only
0.26 0.45 eV. The PBEO hybrid functional and the one-shot
GoW, method lead to slightly larger band gaps. However, none
of these methods succeeds in reproducing the larger band gaps
achieved with the more accurate QSGW technique.

Thermal Effects. To make a meaningful comparison between
band gaps calculated at 0 K and experimental data measured at

nite temperature, the e ects of disorder and atomic vibrations
have to be taken into account. To account for the thermal
disorder, we perform 10 ps long ab initio Born Oppenheimer
molecular dynamics (MD) simulations in the NpT ensemble at
a pressure of 1 atm.*

In the simulations, we allow for the change of supercell
volume while keeping its cubic shape. The temperature is set to
the value at which the experimental lattice parameters were
measured (see Table 3). In the MD runs, we use the revised
Vydrov and Van Voorhis (rVV10) nonlocal density func-
tional”>* to improve the description of the interatomic
interactions. We choose this particular functional because it
yields lattice parameters in very good agreement with
calculations at the PBEO level of theory for the present set of
materials (see Table S1 in the Supporting Information).
Moreover, we study the e ect of the electronic structure
method on the band gap renormalization by performing
additional calculations within the PBEO functional on 50
snapshots chosen from the MD trajectory. From the MD
simulations, we only want to extract the e ect of atomic
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Table 3. Band Gap Opening Due to the Finite Temperature
T, Calculated with rvV10 and PBEO Functionals on
Con gurations Achieved through MD Simulations®

9 (eV) PR (eV) T (K)
CsPbl, 047 0.74 300
CsPbBr, 0.39 051 403
CsPhCl, 0.50 063 320
Cssnl, 0.64 0.78 425
CsSnBr, 0.64 0.77 300
CsSnCl, 0.62 0.73 390

3T corresponds to the temperature at which the the cubic phase of a
given material is stable or has been stabilized.

vibrations. This is because the QSGW band gaps are calculated
at the experimental lattice constant observed at nite
temperature, which already includes the thermal expansion.
Therefore, we calculate the renormalization g, as

gop= Egaf ) S Bab a0 o)

gap

where Eg"ar?(aMD) is the time-averaged band gap resulting from
the MD simulation at nite temperature and EJi(awp) is the
band gap calculated at 0 K at the equilibrium lattice constant
ayp resulting from the MD. We note that the di erences
between the equilibrium lattice parameters at 0 K and at nite
temperature are found to be rather small. They amount to
about 0.01 A for the lead-based compounds and to 0.04 0.07 A
for the tin-based ones. The small thermal expansion of the
cubic halide perovskites is consistent with a previous study on
CsSnly.*

The band gap renormalization due to temperature is shown
in Table 3. We observe that for all considered materials, nite
temperature leads to a strong opening of the band gap, which is
consistent with previous studies.”® *’ At the semilocal level,
this e ect increases the gap by 0.39 to 0.64 eV, depending on
the material. With the PBEO functional, we nd that the
temperature e ects lead to even larger band gap openings,
ranging between 0.51 and 0.80 eV. The increase of the band
gap due to nite temperature suggests that this e ect cannot be
neglected when comparing calculated band gaps with experi-
ment. The present ndings are consistent with a recent study
on the temperature dependence of the energy levels in halide
perovskites based on electron phonon calculations.”® Therein,
Saidi et al. found a band gap renormalization of about 0.4 eV
for CsPbl; at 300 K. This result, achieved with semilocal
functionals, is in very good agreement with the value of 0.47 eV
calculated here with the rVV10 functional.

To understand better the origin of such an important
temperature e ect on the band gap, we analyze the structure of
the considered materials at nite temperature. It has been
shown that the band gap of halide perovskites strongly
correlates with the metal halide metal bond angle®® and the
metal halide bond length.?® Therefore, we focus on these two
parameters and provide their average values at nite temper-
ature in Table 4. We observe an average bond angle of about
168° for all of the studied materials. The average metal halide
bond length at nite temperature is by 0.05 0.1 A larger than
that at 0 K. Both of these e ects explain qualitatively the band
gap opening observed in the present study. Our MD results are
in agreement with a recent study of Yang et al.,>” who observed
double-well potential energy surfaces in cubic halide perovskites
leading to spontaneous octahedral tilting. The local breaking of
the cubic symmetry and the octahedral tilting observed during
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Table 4. Average Metal Halide Metal Bond Angle T and
Average Metal Halide Bond Length df, 4 As Found in the
MD Simulations at the Finite Temperature T2

%€ (deg) T (deg) LANG i w (B)
CsPbl, 180 168 316 327
CsPbBr; 180 168 297 3.06
CsPhCl 180 168 284 291
CsSnly 180 167 316 324
CsSnBrs 180 169 295 302
CsSnCly 180 168 282 287

3See Table 3. The values are compared with their counterparts at 0 K,
obtained by relaxing the system at the equilibrium lattice constant
resulting from the MD.

the MD simulations are shown in Figure 2 in the case of
CsSnBr;. For the other materials, similar e ects are observed.

Figure 2. Snapshots from the ab initio MD run of CsSnBr; at 300 K.

We note that the band gap renormalization due to nite
temperature is particularly large in the case of cubic inorganic
halide perovskites. This is due to the fact that the di erence in
band gap is calculated between a disordered structure at nite
temperature and a highly symmetric structure at 0 K. The
perfect cubic arrangement results in a maximum (antibonding)
overlap between the p orbitals of the halide and the s orbitals of
the metal that make up the top of the valence band. Therefore,
the deviations from the perfect structure due to disorder reduce
this overlap signi cantly and lead to stabilization of the top of
the valence band. We expect the e ect of temperature to be
smaller for other phases of the studied materials and for
perovskites containing organic molecules, in which some
disorder is already present at 0 K.

Spin  Orhit Coupling. The band gaps of the halide perovskites
under investigation in this work are strongly a ected by spin
orbit coupling (SOC). We rst examine the in uence of the
level of theory used for the evaluation of SOC e ects. In Table
5, we compare SOC corrections as calculated at the semilocal
density functional and GyW, levels of theory. We observe that
for CsPbl;, CsPbCl;, and CsPbBr;, the PBE functional
underestimates the spin orbit e ect on the band gap by
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Table 5. Band Gap Corrections Due to SOC (eV),
Calculated at the Semilocal Density Functional and GyW,
Levels of Theory, at 0 K and at Finite Temperature T Given
in Table 3%

GoWs

§8¢ (eV) soc’ (eV)
0K T 0K T
CsPbl; 1.25 0.96 151 122
CsPbBr; 123 0.89 1.62 1.28
CsPbCls 123 0.97 1.60 134
CsSnl, 0.39 0.28 051 0.40
CsSnBr; 0.36 0.25 0.45 0.34
CsSnCl, 0.35 0.24 0.46 0.35

®In the case of GyW, we apply the PBE reduction of the SOC
correction due to thermal e ects.

about 0.3 eV, on average. For the tin-based compounds, we nd
that the underestimation reduces to about 0.1 eV. These results
highlight the necessity of treating the SOC at higher levels of
theory in the case of halide perovskites. We note that the
di erence between SOC corrections to the band gap calculated
at the semilocal density functional and GW levels has already
been pointed out for CH;NH;Pbl,.*92%=°

Because our goal is to compare the calculated band gaps with
experimental values measured at nite temperature, we next
study the e ect of thermal disorder on the SOC. This is done
by calculating band gaps with and without SOC for structures
taken from the MD trajectory. At the PBE level, we observe
that the band gap closing due to the SOC is smaller at nite
temperatures (see Table 5). Because the numerical cost of
GoW, calculations for supercells is prohibitive, we apply the
PBE reduction of the SOC correction due to thermal e ects
without change to the GyW, level of theory.

Comparison with Experiments. Once the e ects of SOC and
thermal renormalization are taken into account, the calculated

Table 6. Best Theoretical Estimates Achieved in This Work
for the Band Gap of a Series of Inorganic Halide Perovskites,
Compared with Experimental Optical Band Gaps along with
the QSGWResults at 0 K and the Corrections to the Band
Gap Due to Finite Temperature and SOC

EQSew  EBRO QE EReY (ev) S (V)
CsPbl; 2.24 0.74 1.22 1.76 1672 1.73°
CsPbBr; 3.15 0.51 1.28 2.38 2.36°
CsPhbCl, 3.66 0.63 1.34 2.95 2.85¢
CsSnl, 121 0.78 0.40 157
CsSnBr; 1.66 0.77 0.34 2.09
CsSnCl, 2.22 0.73 0.35 2.60 2.6°

Experimental values come from ref 36. °Experimental values come
from ref 37. *Experimental values come from ref 38. “Experimental
values come from ref 39. ®Experimental values come from ref 40.

band gaps can be compared with experiment. In Table 6, we
give our best estimates of the band gaps, calculated as
theory _ CW

PBEO
ap ap TR e )]

SOC
where EQCY is the band gap calculated with QSGW at 0 K,
B0 is"the e ect of temperature calculated using the PBEO
functional, and Sg"g" is the estimated GyW, correction due to
SOC at nite temperature. We estimate the errors on the
thermal and SOC corrections due to the combination of

+

5510

di erent levels of theory (see the Supporting Information) to
be lower than 0.03 eV. The calculated band gaps are compared
with the experimental optical band gaps when available (cf.
Table 6). We observe very good agreement between the
calculated and measured band gaps. In the comparison, we have
neglected the exciton binding energies, which are expected to
be on the order of tens to 100 meVs.**** * We note that
because our theoretical estimates are generally slightly larger
than the experimental values, including the excitonic e ects
would lead to an even better agreement.

We note that good agreement with experiment was generally
observed in previous computational studies on band gaps of
halide perovskites. However, the important thermal e ects had
not been accounted for in these calculations. Therefore, the
apparent good agreement with experiment observed in most of
the previous GW calculations for halide perovskites should be
assigned to fortuitous error cancellation. In the case of halide
perovskites, there are multiple sources of errors, which could
stem from, for example, neglecting the thermal e ects, usin
incomplete valence manifolds in the pseudopotentials,"**
omitting vertex corrections in the QSGW calculations,* or
performing calculations at overestimated DFT volumes.*” We
emphasize that the agreement between the calculated and
experimental values can only be achieved when an accurate
electronic structure method (here QSGW) is applied and all of
the signi cant e ects (SOC and thermal disorder) are correctly
accounted for.

In summary, we performed electronic structure calculations
for a series of cubic inorganic halide perovskites at various levels
of theory. We studied the e ect of including the higher-lying
core and semicore shells among the valence states and observed
that the use of an incomplete valence manifold in the
pseudopotential of the halogen atom can lead to important
errors in the band gap calculations. Moreover, we compared the
performance of various levels of theory in calculating the band
gaps. It was shown that the quasi-particle self-consistent GW
method, in which vertex corrections are accounted for, gives a
reliable scheme for calculating the electronic structure of this
class of materials. To compare with band gaps measured at

nite temperature, we calculated the band gap renormalization
due to the thermal motion of the atoms. This was achieved by
means of ab initio MD simulations. Finally, we addressed the
in uence of the SOC on the band gap. It is shown that the
evaluation of this e ect requires consideration of an appropriate
level of theory and of the thermal disorder. The present study
shows that a meaningful comparison with experiment can only
be made after proper treatment of the aforementioned e ects,
which are all found to be sizable. In turn, their consideration
leads to theoretical band gaps in very good agreement with
experiment.
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