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The electronic structures of cubic structure of ABX3(A=CH3NHj3, Cs; B=Sn, Pb; X=Cl, Br, I) are analyzed by den-
sity functional theory using the Perdew—Burke—Ernzerhof exchange—correlation functional and using the Heyd—Scuseria—
Ernzerhof hybrid functional. The valence band maximum (VBM) is found to be made up by an antibonding hybridization
of B s and X p states, whereas bands made up by the 7 antibonding of B p and X p states dominates the conduction band
minimum (CBM). The changes of VBM, CBM, and band gap with ion B and X are then systematically summarized. The
natural band offsets of ABX3 are partly given. We also found for all the ABX3 perovskite materials in this study, the bandgap
increases with an increasing lattice parameter. This phenomenon has good consistency with the experimental results.
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1. Introduction

Perovskites are of great interest in materials science
because of their electric, magnetic, piezoelectric, optical,
catalytic, and magnetoresistive properties.!!?l The hybrid
organic-inorganic halide perovskite materials have recently
revolutionized the photovoltaic field.[>%! The search for this
class of solar cell materials amazed researchers and industry
community.

Theoretically, a number of first-principles calculations for
ABX3 (A=CH3NH3, Cs; B=Sn, Pb; X=Cl, Br, I) have been re-
ported in recent years. However, some questions remain to
be addressed regarding the electric properties of these mate-
rials. For example, the electronic structures of valence-band
maximum (VBM) and conduction-band minimum (CBM) are
still controversial. For the VBM firstly, most research points
out that the X p and B s electrons contribute majorly. For
instance, Umebayashi et al. in 2003,!”] found that the top
of the valence band is found to consist mainly of the o an-
tibonding states of Pb s and I p orbitals for CH3NH;3;Pbl;
and (C4HoNH3),Pbly. Federico et al. 18] also proved that the
VBM is formed in an antibonding Pb s—I p* combination for
(NH4)PbI3 and (CH3NH3)Pbl;. Li et al.”! demonstrated that
the VBM is an antibonding state of B s—X p* coupling for
ABX3 (A=Cs, CH3NH3, NH,CHNH;; B=Sn, Pb; X=Cl, Br,
I) type compounds in the cubic phase. Although most re-
searchers emphasized the VBM featured by the antibonding
states of B s and X p orbitals, some researchers like Ghebouli
et al.'"% also considered the contribution of B p state to VBM.
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They found that the upper valence band reflects the p elec-
tronic character mainly, due to the CI p, Pb p, and small con-
tribution to Pb s for CsPbCls.

The nature of CBM seems to be more controversial as
compared with that of VBM. The conduction-band minimum
is characterized by a non-bonding hybrid state of the B p and
the X p orbitals in the study of Park et al.['') Umebayashi et
al.'! pointed out that the bottom of the conduction band is
composed primarily of the ¢ antibonding states of Pb p and |
s orbitals for CH3NH3Pbl3 and (C4H9NH3),Pbly. The CBM
of the cubic perovskites CsPbM3; (M=Cl, Br,]) is mainly due
to the Pb p state and Cs d state.!!?! Li et al.!°! thought that the
CBM is a non-bonding state with B p characters.

Up to now, there has been hardly any systematic study
on the nature of VBM and CBM of these ABX3 perovskite
materials. In this work, we calculated the band structures
and density of states of ABX3 (A=CH3NHj3, Cs; B=Sn, Pb;
X=Cl, Br, I) by both the Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional!'® and using the Heyd—
Scuseria—Ernzerhof (HSE) hybrid functional.l'*! In the results
of both PBE and HSE, the top of valence band is found to be
made up by an antibonding linear combination of B s states and
X p states, whereas the bands made up by the 7 antibonding
states of B p and X p dominate the bottom of conduction band.
The strong antibonding B s—X p state may be more delocal-
ized than the X p alone, likely leading to a small hole effective
mass and thus large mobility of the hole of the perovskite solar
cell.['3] Using the above conclusion, we systematically inves-
tigate the variation of VBM and CBM for ABX3; (A=CH3NH3,
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Cs; B=Sn, Pb; X=Cl, Br, I) series. Based on the above dis-
cussion, the changes of VBM, CBM, and the band gap with
B and X ions are systematically summarized. The increase of
the band gap of ABX3; with the lattice parameter, in contrast
to most general semiconductors, is also reported, which is in

good accord with experimental results. %)

2. Theoretical approach

We investigate the electronic and structural properties of
ABX3 (A=CH3NHs;, Cs; B=Sn, Pb; X=Cl, Br, I) using both
the Perdew—Burke—Ernzerhof parameterization of the gener-
alized gradient approximation and the screened hybrid func-
tional of HSE non-local approximation, in which a portion of
Hartree-Fock (HF) exchange is mixed with GGA exchange
and correlation.!!”! The advantage of the HSE method is a bal-
ance between the efficiency and accuracy. In addition, the HSE
can be more accurate in describing the localized state due to
the partial elimination of self-interaction error of semi-local
functional, and it is very accurate to calculate the optical band
gap using the HSE method.

We performed calculations based on the density func-
tional theory as implemented in the code (Vienna ab initio
simulation package) VASP.!'8] The electron—ion interaction is
described by PBE potential. The valance wave functions are
expanded in a plane-wave basis with a cutoff energy of 350 eV.
All the calculations were performed using 5-atom cubic cells
and a 10 x 10 x 10 grid was used for the k-point sampling
of Brillouin zone. All the atoms were relaxed to minimize
the Feynman—Hellmann forces to below 0.02 eV/A. The cal-
culations were performed by potentials with both the PBE-
GGA form and the HSE hybrid functional form. For the HSE
method, two parameters are introduced in the hybrid function-
als. A fraction B of non-local exact exchange is mixed to the
GGA exchange. Hence, the exchange energy is given by

E)}Clybrid _ ﬁEfxaCt + (1 _ ﬁ)Ef'GA- (1)

The correlation potential is taken from the GGA abso-
lutely. It turns out that the exact exchange contribution f§ =
0.25 is considered to be optimal for both lattice constants and
the band gap in ABX3. For the other parameter, screening
length, the value of around 0.2 A~! is adopted.

3. Results and discussion

As representative of ABX3(A=Cs, CH3NH3; B=Sn, Pb;
X=Cl, Br, I), CsPblz and CH3NH3Pbl; crystallizes in the per-
ovskite structure, which are respectively shown in Figs. 1(a)
and 1(b). The structure belongs to the cubic space groups 221
pm3m. Bis a metal bonded to six X anions, and BXg octahedra
are corner-connected to form a three-dimensional framework.
The band structures of CsPbl; and CH3NH;3Pbl; calculated

by the HSE method are depicted in Fig. 1(c). The results show
that the minima of conduction bands (CBs) and the maxima
of valence bands (VBs) are at R(0.5, 0.5, 0.5) symmetry point
in the Brillouin zone. Hence, these ABX3 perovskites in cubic
phase have fundamental direct band-gap nature at R symmetry
point.

- - CsPbl; spin
ok — CH;3;NH;PbI; spin

Energy/eV

(c)

Fig. 1. (color online) The crystal structure of (a) CsPblz and (b)
CH3NH3Pbl;3. (c) The corresponding energy band structure obtained us-
ing HSE method including the spin orbit coupling, where the energy of
VBM is set at zero.

The lattice constants and band gaps of CsBX3; and
CH3NH3BXj3 obtained by using both PBE and HSE methods
are listed in Table 1. The calculated lattice constants by both
PBE and HSE functional are in good agreement with others’
values.[”! For both ASnX; and APbX3 (A=Cs and CH3NH3),
the lattice constant increases from Cl to I. A similar trend can
be found from Sn serials to the corresponding Pb serials with a
larger lattice constant. The reason for this is simply due to the
larger atom of Pb or I atom than that of Sn atom or Cl atom.
From Table 1, we can also notice that the band gaps of ASnX3
and APbX3 decrease from Cl to I, and the band gaps of lead
compounds is larger than that of the corresponding tin com-
pounds. The reason for this is given below according to the
explanation of the origin of VBM and CBM. The band gap cal-
culated by the HSE methods without considering the spin orbit
coupling (SOC) gives a better agreement with the experimen-
tal results. However, the SOC effect is important to the Pb and
Sn materials as indicated by Table 1, and it leads to the low-
ering of CBM due to the splitting of p;/; and p3, state. The
SOC splitting energy is about 0.34 eV and 1.11 eV for Sn and
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Table 1. Lattice constants and energy gap of ABX3 using both PBE and HSE method.

ABX; Lattice constants/A Eq/eV
HSE PBE Exp HSE (spin) PBE Exp
CsSnCl3 5.618 5.615 5.6041201 1.686(1.347) 0.963
CsSnBr3 5.898 5.878 5.808!211 1.267(0.918) 0.607
CsSnl; 6.337 6.276 6.2191221 1.047(0.658) 0.462
CsPbCl3 5.783 5.732 5.6051231 3.203(2.092) 2172 381
CsPbBr; 6.046 6.009 5.8741241 2.633(1.528) 1.764 23081
CsPbl; 6.461 6.383 6.33 1291 2.183(1.023) 1.359
CH;3NH;3SnCl3 5.873 5.884 5.761201 2.253(2.001) 1.505
CH3NH3SnBr;3 5.981 5.987 5.891271 1.376(1.119) 0.807
CH3NH;3Snl3 6.163 6.163 6.241201 0.505(0.224) 0.169 130032
CH;NH;PbCl3 5.906 5.915 5.701281 3.314(2.277) 2.362 3.111281
CH3NH;3PbBr3 6.022 6.028 5.94[291 2.488(1.461) 1.715 2.291291
CH3NH;3Pbl3 6.217 6.217 6.281301 1.662(0.613) 1.115 1.61110!

Pb, respectively. Hence, the HSE method with the SOC effect
still underestimates the band gap of materials of this kind. The
van der Waals interactions are not considered in both PBE and
HSE methods, leading to a little larger lattice constants and
slightly wider bandgaps. All these results are well consistent
with Umari et al.’s results.[!”]

The total density of states and the atom projected density
of states for CsPbCl3 calculated using HSE method is shown
in Fig. 2. All twelve ABX3 compounds have a similar energy
distribution of the eigenstates. The semi core state of Cs p
states forms a narrow band located at a deep energy of —8 eV,
and have almost no contribution to the VBM and CBM. The
Pb s and Cl p states are clearly visible at the same position
from —9 to —6.5 eV and —2 to 0 eV, respectively, indicating a
hybrid state of Pb s and C1 p state. The VBM (—2 to 0 eV) is
clearly made up of the ¢ antibonding of the Pb s and CI p hy-
brid state. The contribution of Pb p to VBM is also discernible
but fairly small. The strong antibonding Pb s—Cl p state may
be more delocalized than the Cl p alone, likely resulting in the
small hole effective mass and thus large mobility of the hole

of the perovskite solar cell.['4]
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Fig. 2. (color online) Partial and total DOS of CsPbCl; calculated using
HSE method without SOC: (a) total DOS of CsPbCl3; (b) partial DOS for
Cs atom; (c) partial DOS for Pb atom; (d) partial DOS for Cl atom.

As for the CBM, a hybrid state between Pb p and Cl p
can be observed in the energy range between 3 and 7 eV (see
Fig. 2). The contribution to the energy of around 3 eV is from
the Pb p state mixed slightly with the Cl p, and Cl p, state
at the A position as shown in Fig. 1(a), i.e., the 7t antibonding
state of Pb p and Cl p state. The corresponding 7t bonding state
of Cl p state with weak hybridization of Pb p state is located at
about —3.2 eV. In contrast, the ¢ interaction of py state of Cl
at the A position with the Pb p state indicates a much stronger
hybridization. The peak at about —4.0 eV corresponds to this
o bonding of Cl p with hybridization of the Pb p state. Ex-
cept for the o and 7t bonding and antibonding state, the p state
of CI also has a clear non-bonding state corresponding to the
highest peak of I p orbits at —2.3 eV.

The DOS in Fig. 3 represents the aligned total density of
states of CsSnX3 and CsPbClj3 calculated by using the HSE
method. The zero position is aligned with the vacuum energy
using the slab model. To position the VBM relative to the vac-
uum energy level, a common reference energy should be used
for both the bulk and slab calculation. Here, the Cs core poten-
tial in the middle of atom layers of the slab model is aligned
with that of the same atom in the bulk calculation. It is worth-
while noticing that a non-polar (100) surface ending with Csl
is chosen to minimize the surface orientation and reconstruc-
tion effect on the position of VBM.

It is observed in Fig. 3 that different halogens change the
absolute positions of both the CBM and VBM. We can find
that both the VBMs of CsSnCl; and CsSnlz are lower than
CsSnBr3. The CBMs of CsSnX3 are monotonically increased
from CsSnl3 to CsSnBr3 to CsSnClz. The change in magni-
tude of CBM is larger than VBM, leading to the overall de-
crease of the energy band gap. CsPbX3 and CH3NH;3BX3 have
similar trends.

To further explain this trend of the band gap for ABXj,
a schematic molecular orbital diagram of cubic CsSnCl; and
CsSnl3 is shown in Fig. 4. The atomic orbital energies of
component elements of Sn, Cl, and I for CsSnX3 are shown
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Fig. 3. (color online) The total DOS of (a) CsPbCl3, (b) CsSnCls, (c)
CsSnBrs, and (d) CsSnl; calculated by using the HSE method without

SOC. The zero position of the horizontal ordinate means the position of
vacuum energy.
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Fig. 4. (color online) Energy level of CBM and VBM of CsSnClz and
CsSnlj.

in Fig. 4. The atomic orbital energy of Cl p is clearly lower
than the energy of I p. The Cl p and I p orbitals interact with
Sn s orbits, leading to the bonding orbitals of Sn s—Cl p and
Sn s—I p, and the antibonding orbitals of Sn s—Cl p* and Sn s—
I p*. This antibonding hybrid state constructs the VBM. The
Sn p orbital also has a covalent interaction with Cl p and I p,
leading to the bonding orbitals of Sn p—X p, and antibonding
orbitals of Sn p—X p*. It should be noted that this interaction
of Sn p and X p state contains both the = and ¢ bonding state
of Sn p—X p. Only the 7 antibonding of Sn p—X p* contributes
to the CBM.

As mentioned previously, the CBMs of CsSnX; are
monotonically decreased from Cl to Br, and then to I. The
reason can be explained as follows. Since the Sn—X cova-
lent interaction becomes stronger from I to Br to Cl due to
the decrease of the length of Sn—X bond from CI to Br to I,
and the hybridization pulls the antibonding states up, and thus
the state of Sn p—X p* goes up from I to Br to Cl. This leads
to the increase of the CBMs of CsSnX3 from I to Br to Cl. As

for the VBM, the antibonding of Sn s—X p* that contributes
to the VBM should also be pulled up, and the magnitude of
pulling up is increased from I to Br to Cl. However, the origi-
nal energy level is decreased from I p, to Br p, and then CI p,
so it results in a complicated case that the VBM of CsSnBr3
is higher than CsSnCl;3 and lower than CsSnlz. Similar trends
are also found from CH3NH3SnCl; to CH3NH3Snl3, and the
reason for this is also identical.

The DOS in Fig. 3 also shows the aligned total density of
states of CsPbCl; and CsSnClj. It is observed that the VBM
of CsPbClj is lower than CsSnCl3, and the CBM of CsPbClj is
higher than CsSnCl3, leading to a larger band gap of CsPbCls.
The higher VBM of CsSnClj is due to the stronger Sn s—Cl
p* antibonding interaction than that of Pb s—Cl p* because
of a small bond length of Sn—Cl. As for the CBM, the Pb
p—Cl p* orbital is higher than Sn p—Cl p* orbital because the
atomic orbital energy of Pb p is higher than the energy of Sn p.
Therefore, the energy gap of CsPbCls is wider than CsSnCl3.
A similar trend and reason holds true for CH3NH3;PbCl3 and
CH3NH3SHC13.

Figure 5 shows that the band gaps of ABX3 change with
different lattice parameters. The band gaps of ABX3 increase
with increasing lattice parameter, contrary to most general
semiconductors like Si and GaAs. The reason for this can
be explained from the electronic structure of ABX3 discussed
above. When increasing the lattice parameter, both VBM
and CBM are lowered since the interaction is weakened and
thus the antibonding state is lowered. Moreover, because the
atomic orbital energy of X p is much closer to the B s than to
B p, the influence on VBM is stronger than CBM, resulting
in an increase of band gaps with increasing lattice parame-
ters. In experiments, Yamada also found that the band gap of
MAPDI; increases with lattice parameter, as evidenced by PL
results.!'>) Our PL results at temperatures of 125-325 K for
MAPDI; prepared by solution-based one-step method are also

consistent with our theoretical results. 32!
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Fig. 5. (color online) Bandgaps of ABX3 with different lattice parameters
calculated using the HSE method.
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4. Conclusions

In conclusion, the electronic structures of ABX3 are sys-
tematically studied by first-principles calculations using PBE
and HSE approximations. The HSE results compare very fa-
vorably to experimental data for the band gap relative to the
PBE. The VBM is found to be made up of an antibonding lin-
ear combination of B s and X p states, whereas the bands made
up of the 7 antibonding B p and X p states dominate CBM. The
electronic states of A ion contribute little to the formation of
CBM or VBM, but only to lattice constants, thus affecting the
size of bandgaps. The strong antibonding B s—X p state may
be more delocalized than the X p alone, likely leading to the
small hole effective mass and thus large mobility of the hole
of the perovskite solar cell. Based on these conclusions, the
VBM, CBM, and then band gaps of ABXj3 are systematically
studied. The CBM of ABX3 decreases from Cl to Br, and then
to I, while the VBM of ABX3 are more complicated, depending
on both the bond length of B—X and the atomic orbital energy
of X p. The band gaps of Pb series are larger than those of the
corresponding Sn series due to the larger Pb—X bond length.
Finally, the bandgaps of ABX3 increase with increasing lattice
parameter, in good accord with experimental results.
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