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Abstract: The most commonly used and studied hybrid halide perovskite is ABXs, where A usually stands for
CH3NHs, B for Pb, and X for I. A lead-free perovskite with high stability and ideal electronic band structure
would be of essence, especially considering the toxicity of lead. In this work, we have considered 11 metal elements
for the B site and three halide elements (Cl, Br, and I) including various combinations among the three halides
for the X site. A total number of 99 hybrid perovskites are studied to understand how the crystal structure, band
gap and stability can be tuned by the chemistry modification, i.e., the replacement of toxic element, Pb in the
original MAPb X3, with non-toxic metal elements. We find that the favorable substitutes for Pb in MAPDbI3 are

Ge and Sn.
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0 Introduction

Hybrid halide perovskites have experienced a rapid
development as efficient photon-absorption materials in
solar cells since 2009. They possess a high carrier mo-
bility, proper band gap and simplicity of fabrication,
which are key factors for photovoltaic devices. Among
the hybrid halide perovskites, methylammonium lead
halide (MAPDbX3) is the one that attains a lot of re-
search interest with the highest reported power conver-
sion efficiency 20.1%[2| where MA is methylammo-
nium. Although the band gap of MAPb.Xj3 is found to
be close to the ideal band gap of 1.34eV according to
Shockley-Queisser limit under the air-mass (AM) of 1.5
solar spectrum!®, lead is a toxic element to both human
being and the environment. Thus, the development of
a non-toxic perovskite material with proper band gap
and stability is one of the major targets throughout this
field. A theoretical understanding about how the elec-
tronic properties may change with the replacement of
toxic Pb in the original MAPb X3 with non-toxic metal
elements appears extremely important.

The crystal structure of cubic MA BX3 is shown in the
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next section. Although perovskites can also form other
crystal structures under different pressure and tempera-
ture (such as monoclinic, tetragonal, and orthorhombic
phases), MAPbX3(X = Cl, Br, I) may undergo a series
of phase transitions from orthorhombic to tetragonal
and then from tetragonal to cubic, which occur at 161.4
and 330.4K™ respectively for MAPbI3. Considering
that the solar cell is operated at room temperature and
cubic structure ensures a higher degree of ionic bond-
ing and thus provides optimum electronic properties!®!,
we focus on the stability, electronic property and crys-
tal structures of cubic phase lead-free MA BX3 in this
work.

It has been reported that the band gap of per-
ovskites varies with the element at the B site and is
also dependent on the halide elements at the X site.
Kulkarni et al.[% studied the band gap of mixed halide
perovskite MAPbI3_3,Brs, and found that the band
gap increased with the addition of Br which had a
smaller atomic radius compared with iodine. Kitazawa
et al.l”) studied the band gap of CH3NH35PbI;_,Cl, and
found that the band gap increased with the addition of
Cl and the band gap for MAPDbCl3 is 3.11eV. Apart
from the band gaps, stability is another major issue
concerning hybrid perovskites. The organic-inorganic
lead perovskites, e.g., MAPbX3, are reported to un-
dergo a degradation process after a long-term usage,
mostly due to high temperature and moisture. MA BX3
tends to decompose to MAX and BXs;, where the
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reaction can be described as MABX; — MAX + BXs.
Although some efforts have been put on the modifica-
tion of MAPDI3 either through modifying the B site
elements or through tuning the X site elements!®!, a
systematic understanding about the joint effect of B
and X site element replacement on structure, stability
and electronic property is still lacked but important for
the design of lead-free perovskite materials for photon
absorption.

In this work, we use high-throughput calculations
based on density functional theory (DFT) for 99
MA BXj3 perovskites. For B site substitution, we choose
all metal elements that show +2 valences in the periodic
table for the completeness. In this scheme, B can be
Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg, Ge, Sn or Pb; X3 can
be various combinations of halide elements, including
013, BI‘3, 137 IQBT, IQCI, IBI‘27 10127 ClBr2 and BI‘Clg.
We note that Be, Hg and Cd are toxic elements and the
hybrid perovskites made of these elements may not be
appropriate alternatives to MAPbDI3 for the real appli-
cation. The results of band gap calculation, stability
analysis and toxicity show that the possible replace-
ment of MAPDI3 falls into the ones with Ge and Sn
which have proper band gaps and are equally or even
more stable than MAPDbDI;.

1 Methodology

The DFT calculations are performed in the Vienna
ab initio simulation package (VASP) with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) and projector augmented-wave (PAW)
pseudopotentials!®.  All calculations are performed
with a cut-off energy of 520 eV and a Monkhorst k-point
mesh of 4 x4 x 4. The energy convergence of the calcu-
lated system is 6 x 10~% eV. The relaxed lattice parame-
ters for MAPDI; are calculated to be a = 645.73(1) um,
b = 645.75(1) pm, ¢ = 645.74(9) wm, which agree well
with the experimental value of a = 627.6(4)wml!'2.
Our high-throughput computations on the structure
optimizations and electronic structure calculations for
99 perovskite materials are realized based on pymat-
gen (a robust materials analysis code)!’3l, FireWorks
(an open-source code for defining, managing, and ex-
ecuting individual calculation tasks)*! and the whole
workflow and Custodian (a simple, robust and flexible
just-in-time job management framework in Python).
For those compounds with a determined GGA band
gap between 0.5—2.0eV, we also perform beyond-
conventional DFT calculations using Heyd-Scuseria-
Ernzerhof (HSE) functional (i.e., HSE06) to get a more
accurate determination of the band gaps!!®16/. The
crystal structure of cubic MABX5 is shown in Fig. 1,
where MA molecule takes the corner position, the metal
element B takes the body center position, and the
halide element X takes the face center position.
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Fig. 1 The crystal structure of cubic perovskite MA BX3

2 Band Gap of MABX3

The GGA band structure of MAPbI3 along the high
symmetry k-path is shown in Fig. 2, where E is the en-
ergy and Er represents Fermi level. The sizes of purple
dots in Figs. 2(a) and 2(b) represent the characters of
Pb and I, respectively; the red and green dots at B|Z
indicate the conduction band minimum (CBM) and va-
lence band maximum (VBM), respectively. The CBM
and VBM occur at the same reciprocal point, which in-
dicates that MAPDIj3 is a direct band gap material. The
element projected band structure and orbital projected
density of states (DOS) clearly show that the CBM is
mostly contributed by Pb-p orbital, and the VBM is
contributed mostly by the I-p and Pb-s hybrid orbitals,
like the findings from Yuan et all'”).

The calculated GGA band gaps for all the 99 per-
ovskites considered in this work are shown in Fig. 3.
The GGA band gaps usually range from 0.4 to
5.2eV, except for MACdCls, MAHgCl3, MAHgBrs and
MAHgls with a zero band gap. According to the
Shockley-Queisser limit, the optimum band gap for
single-junction solar cell is 1.34eV under AM of 1.5
solar spectrum with the highest efficiency 33.7%, while
the silicon based solar cells have less favorable band
gap of 1.1eV but a maximum efficiency of 32%8!.
Thus, the band gap of 1.0—1.7€V is defined to be the
proper band gap region for photon absorption in our
calculations('?. Tt can also be seen that the band gap
of MABX3 with B = Ge, Sn and Pb falls into the op-
timum range, suggesting that Ge, Sn and Pb are the
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Fig. 2 Element projected band structure and orbital projected DOS of MAPbI3 (AE = E — Er)
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Fig. 3 GGA band gaps of MABX3 with B = Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg, Ge, Sn, Pb and X3 = ClBr2, Brs, IBrz, Brla,
I3, Cllz, IClg, Cls, BrCls in the unit of eV
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top three metal elements suitable for photovoltaic per- all the combinations of halide elements are beyond the
ovskites. As shown in Fig. 3, the ones with alkali earth optimum band gap region.
metals and Zn are usually not appropriate for alterna- For the lead-based perovskite MAPb.X3, we find if

tives to MAPDI3, since the GGA band gaps of almost the iodine element is involved, the calculated GGA
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band gaps will be within the 1—2 eV region, which may
explain why iodine-based lead halide perovskites are
reported to be good light absorption materials. The
comparison of the band gaps for MABI5, MABCII,,
MABCIsI and MABCI;3 reveals that the addition of
iodine will reduce the band gap. The band gaps of
MA BXj3 increase when X changes from I, Br to Cl for
most cases, which indicates that Cl can be used to tune
up the band gap, while the tuning down of the band
gap may be attributed to I, in agreement with prior
reportsi?’l.  Since these halide elements all have the
same valence electrons, the major difference may de-
rive from the electronegativity difference. Here we know
the electronegativity of the three halide elements in the
Mulliken’s scale: xc1 = 8.30eV, xgr = 7.5eV, x1 =
6.7eV, and the combined electronegativity can be ex-
pressed as (xcixsrx1)'/? for the combination of CIBrl.
We find that the band gaps increase with the increase of
the combined electronegativity, like Ivano’s findings(®%.
In addition, considering the radius of the halide ele-
ments, rc; = 79pm, rg; = 94pm, r1 = 115pm, we
find that larger halide element in X site will result in a
smaller band gap. Band gap can be further correlated
to crystal structure volume. Figure 4 illustrates the
volume for the unit cell of all the 99 perovskites. For
each column in the volume plot, the perovskites in the
center of each column are larger in volume. However,
for the band gap plot, the energy gaps in the center of
each column are smaller than the ones in the outside re-
gion. This indicates that for perovskites with the same
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metal element, the larger the volume is, the smaller the
band gap appears to be. We find that the iodine-based
perovskites have a larger volume but smaller band gap,
which may be explained by the larger atomic radius of
iodine among the three halide elements considered in
this work.

Considering that the band gap calculated by GGA
functional is usually underestimated(??, we go beyond
standard DFT and use hybrid functional for the per-
ovskites with the GGA band gap in a range of 0.5—
2eV, which combines the electron correlation energy
in GGA with the exact exchange energy from Hartree-
Fock. As Table 1 shows, the HSE band gap is overall
larger than the GGA values. We find the MASnl; HSE
band gap of 1.04eV is in a much better agreement with
the experimental value of 1.2eV[?? compared with the
GGA band gap of 0.74eV. Even for light metal ele-
ments, HSE functional predicts the band gap in better
agreement with the experimental values. For perovskite
with heavy elements in B site, the GGA band gap is in
a better agreement with the experimental values. For
example, GGA band gap of MAPbI3 is 1.54eV com-
pared with the experimental value of 1.56 V[, which
is much smaller than the HSE band gap of 2.11eV. This
is mainly due to the neglect of spin-orbit coupling which
lowers the band gap. Thus for non-Pb and Pb-based
perovskites, we are especially interested in HSE band
gap and GGA band gap, respectively, in 1.0—1.7¢V.
Those compounds with proper band gaps in this range
are labeled with textboxes in Table 1.
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Fig. 4 Volume for the unit cell of all the 99 perovskites
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Table 1 The calculated GGA and HSE band gaps of MABX3

206
Band gap/eV

Compound

HSE GGA
MACdBrCl» 3.09 1.79
MACdICl2 2.54 1.40
MACdCl3 2.82 1.39
MACdIBra 1.92 0.88
MASnBrCls 1.83 1.29
MASnBr2Cl 1.25 1.19
MASnBr3 1.31 1.01
MASRICl» 1.62 1.15
MASnCls 2.25 1.63
MASnI>Cl 1.16 0.80
MASnI3 1.04 0.74(1.20)24]
MASnIBra 1.30 0.89
MASnI2Br 1.09 0.75
MAGeBr2Cl 2.26 1.62
MAGeCl2Br 1.93 1.36
MAGelBr2 1.85 1.26
MAGeBr3 2.07 1.46

Band gap/eV

Compound

HSE GGA
MAGel2Cl 1.65 1.22
MAGCeICly 2.34 1.75
MAGeCl3 2.68 1.93
MAGel; 1.61 1.19
MAPbIBra 2.36 1.79
MAPbI2Br 2.20 1.69
MAPbI2Cl 2.59 1.72
MAPbICI, 2.34 1.98
MAPbI3 2.11 1.54 (1.57)[21]
MAHgBr2Cl 2.83 1.73
MAHgI2Br 2.29 1.40
MAHgI>Cl 2.13 1.95
MAHgICl, 2.99 1.25
MAHgBrCly 1.58 0.60
MAMgl2Br 2.24 1.35
MAMgl3 1.82 0.97
MAZnl3 3.15 2.10

Note: those compounds with proper band gaps are in textbox; the corresponding experimental values are in parentheses.

3 Stability Analysis of MAB X3

The stability of the perovskites can be evaluated via
their energy above hull. The energy above hull?®! rep-
resents the energy of the decomposition reaction of one
material into all possible stable combinations of com-
pounds and elementary substances. With all the poten-
tial chemical combinations as references, stability can
be evaluated. For example, a CaTiO3 is tested with
respect to all the other CaTiO3 with different crystal
structures, CaO and TiOs mixtures, and Ca, Ti, Os
mixtures. A positive value of energy above hull indi-
cates that the material is instable as compared with the
references, while the stable material has a zero energy
above hull.

Perovskite MAPbDI3 will be stable in cubic
phase above 327.4K according to experiment and
calculations[?8). Tetragonal phase can be maintained
between 162.2 and 327K, which transforms to or-
thorhombic structure at low temperaturel?”). Since
our calculations of cubic phase are performed at
0K, we examine all the possible compounds that the
perovskite may decompose to, and the corresponding
decomposition process follows

MABX3 — BX, + CH; + NH, X. (1)

The energy above hull plot is illustrated in Fig. 5,
from which we note that Ge, Sn and Pb are the top
three B site elements with the lowest energy above hull.
Sn-based perovskites appear to be the most stable ones,
considering that all the materials with Sn have a lower
energy above hull as compared with MAPbI5. On the
other hand, the high energy above hull values of Mg-
based perovskite indicates that Mg-based perovskites
are the least stable ones. It is shown that for the hybrid
perovskite involving Pb, the stability descends in order
of Cl, Br and I in agreement with prior reports/®.

The stability of perovskites is further analyzed based
on the formation energy of MABX3 from MAX and
BX5, which is defined as

E¢ = Pvax + Epx, — EvaBx,, (2)

where Er represents the formation energy to form the
perovskite from compounds MAX and BX5 and a pos-
itive value means that the compound MA BXj is stable,
Eniax is the formation energy of MAX, Fpx, stands
for the formation energy of BX;, and EnvaBx, repre-
sents the formation energy of MABXj3;. The materi-
als with higher formation energy possess better stabil-
ity. As shown in Fig. 6, the iodine-based perovskites
with high formation energy are MASnl3, MAZnl3, and
MASI‘Ig.
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Fig. 5 The energy above hull plot for all the 99 halide perovskltes considered in this work
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Fig. 6 Formation energy of MA Bls with B = Be, Mg, Ca,
Sr, Ba, Zn, Cd, Hg, Ge, Sn, Pb

4 Conclusion

In this work, 99 potential alternatives to MAPDbI;
have been studied by the DFT calculations to get a
comprehensive understanding on how metal elements
at B sites and halide elements at X sites affect the
structure, electronic property and stability, which may
be useful for the development of lead-free perovskite
materials. The results of band gap calculation and the
stability analysis show that the possible replacement
of MAPbDI; falls into the ones with Ge and Sn. The
hybrid perovskites with these metals involved have the

band gaps within the proper region and most of the
ones with Sn and Ge are found to be equally or more
stable than MAPbDI3. Besides, perovskites with alkali
earth metals fail to meet either criterion. It is also
found that the band gap as well as the stability can
be further modified through a proper combination of
the halide elements as well as B site element. For ex-
ample, MAGelBrs has a band gap of 1.85eV and an
energy above hull of 0.045eV /atom, while MAPbHI,Cl
has a band gap of 1.65eV and an energy above hull of
0.042eV/atom.
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