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128 organic halide perovskites are systematically inves-
tigated using high throughput first principle calculations
where Ge and Sn based materials are searched. The results
revealed that all calculated materials exhibited exothermic
reactions. Notably, a correlation between the heat of for-
mation and X-site ions are identified. Six specific com-
pounds, namely FA-Ge-I-I-l, FA-Sn-F-I-l, FA-Sn-Cl-I-l, FA-Sn-
Br-Br-l, FA-Sn-Br-I-l, and FA-Sn-I-I-l where FA stands as for-
mamidinium, are found to have a bandgap ranging from 1.0
to 2.0 eV, characterized by a direct bandgap in their band
structure. Electronic structure analysis indicated that the
CBM(Conduction band minimum) is influenced by the B-
site p-orbital, while the VBM(Valence band maximum) is in-
fluenced by the X-site p-orbitals. This study underscores
the capability of high throughput calculations to unveil hid-
den trends in perovskite materials, offering an effective ap-
proach for the exploration of promising perovskite materi-
als.

1 Introduction

Since the first report on CH3NH3PbX3 (X = Br and I) as a semi-
conductor sensitizer for dye-sensitized solar cells in 20091, or-
ganic—inorganic metal halide perovskite solar cells (PSCs) have
drawn much attentions due to their high power conversion effi-
ciency (PCE) and low production costs. The PCE of long-term
durable solid-state perovskite solar cells first reported in 2012 was
9.7%, while a certified PCE of 25.7% was achieved in 20212=3.
Major improvement of PCE is progressed due to the development
of formamidinium(FA)-based PSCs along the methylammonium-
based PSCS4* 6. This high photovoltaic performance is attributed
to the high charge carrier mobility, high absorption coefficients,
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long diffusion lengths, and low exciton binding energy7* 11. Ma-
terials with such perovskite crystal structures are of great interest
in solar cells and optoelectronic applications, many of which are
lead-halide perovskites(LHP). LHPs with the general formula of
ABXj have the advantage that the performance of optoelectronic
devices can be easily controlled by changing their composition 12
In the semiconductor LHP, the charge of each site is +1 for the A-
site, 42 for the B-site, and -1 for the X site, which can be replaced
by ions of the same charge. For this reason, many studies have
been conducted in recent years to replace the B-site with ions
other than lead, which is highly toxic, but have yet to develop
optoelectronic devices that are comparable to LHP 13,14_ There
are several candidates for each site, such as MA, FA, and Cs* at
the A-site, and Sn** and GeZt at the B-site, and some of the com-
binations have been experimentally synthesized and verified, but
few methods have been established to understand the full picture
and search for useful optoelectronic device materials B8 1 ad-
dition to these, each site can contain countless types of ions, and
the number of combinations is enormous.

One large-scale screening technique in the materials space that
can be challenging due to the large material synthesis to charac-
terization where high-throughput (HTP) calculations can be an
alternative screening technique . *21. Here, formamidinium (FA)
based organic metal halide perovskite is explored using high
throughput calculations. In particular, FA is chosen as a A site,
Ge and Sn are chosen as B site, and, F, Cl, Br, and I are chosen
as X site ~~— " where the bandgap of 1.4 eV is set as a target for

solar cell applications 23

2 Methods

High-throughput(HTP) calculation is implemented for searching
perosvkite materials. Work flow of high throughput calculation
is shown in Figure[l} First, atomic models for first principles cal-
culations are constructed. Here, unit cell of cubic is used where
the A-site containing formamidinium (FA), the B-site containing
Ge or Sn, and one of the three X-sites containing either F, Cl, Br,
or I. 128 different compositions of perovskite are constructed. An
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Fig. 1 Workflow of proposed high throughput calculations.

example of the initial structure is shown in Figure 2| Note that
X-site can contain three different anions (e.g. FA-Ge-Cl-Br-I). All
compositions with rearranged X-sites, such as FA-Ge-F-I-I, FA-Ge-
I-F-I, and FA-Ge-I-I-F, are distinguished in the calculation due to
the structure of FA. It must be also noted that conformation and
coordinates of FA in initial structure is fixed, therefore, the con-
formation and coordinates of FA might not be the ground states.
The initial unit cell is 5.66A x 5.66A x 5.66A.

Fig. 2 The basic structure of formamidinium halide perovskite where A,
B, and X(1,2,3) are denoted at each site. FA in the A-site, Ge or Sn in the
B-site, and F, CI, Br, or | in each X-site.

Next, first-principles calculations are performed where the

grid-based projector-augmented-wave (GPAW)26 method with
the finite difference mode is implemented. In GPAW, the ex-
change—correlation of Perdew-Burke-Ernzerhof revised for solids
(PBE30127) is applied for structural relaxation calculation. Grid

2| Journal Name, [year], [voI.],1-E]

space for structure optimization is set to 0.18 A. Special k points
of the Brillouin zone sampling (4 X 4 X 4) are used within
periodic boundary conditions in the x, y and z axes28 Then,
analysis of the formation energy and electronic structure is per-
formed. The formation energy is calculated based on eq
E4 , Ep and Ey, are reference energy of pristine bulk materi-
als/molecules. Note that negative(positive) sign indicates an
exothermic(endothermic) reaction.

Eu— (Ea+Ep+Yi—123Ex,)
N

®

Eapx; =

Distortion of the crystal structure is evaluated using the devia-
tion of X-site ions from ideal atomic coordinates. The X-site ions
in cubic perovskite ideally reside at the midpoints of the edges
of the lattice. Therefore, the lattice distortion (%) is defined by
dividing the distance of the X-site ion from this point in the opti-
mized structure by the lattice constant.

In the analysis of electronic structure, the band structure is first
calculated. Exchange correlation of GLLB-SC is used for band
structure calculation. Grid space is set to 0.22 A for band gap
calculation. K point path of [I', R, M, X] is used. In candidate
materials with suitable band gaps for solar cells, projected density

of states (PDOS) and bader analysis is also implemented 29’30.

3 Results and discussion

High throughput calculations are performed for all 128 cases.
Formation energy of each compositions of perovskites are visual-
ized in Figure 3} Note that data for FA-Sn-F-F-F, FA-Sn-F-F-Cl and
FA-Sn-F-F-Br are not able to be acquired due to the convergence
errors during structural optimization. Figure [3|demonstrates that
all calculated perovskite have exothermic formation energy, thus
all of them are thermodynamically stable. The compositions con-
taining F in the X-site tend to be highly distorted from the cubic
crystal (e.g. Figure[d). The lattice distortion of FA-Ge-F-F-F shown
in Figure [#(a) is 27%, which is larger than one in FA-Sn-I-I- as
shown in Figure [{(b), where the lattice distortion is 4.8%. The
gray color in Figure |3|indicates a structure with lattice distortion
greater than 15 %. These are distorted and collapsed structures.
The 15% threshold is set because, as shown in Figure |5} there is
a gap in the frequency distribution when the lattice distortion is
greater than 15%.

Figure [f] shows the pairwise correlation values for each prop-
erty of perovskite. Pairwise correation demonstrate the linear cor-
reation where positive and negative correlation represent propor-
tional and inverse proportional relation, respectively. As can be
seen in Figure [ there is a strong negative correlation between
the lattice distortion(LD) and Formation energy(Espx,). X site
ions except F has a positive correlation with the heat of forma-
tion. F has a negative correlation with the heat of formation and
those are resulted by large structural distortion. There is also a
positive correlation between lattice distortion and band gap val-
ues. In particular, Figure[7]shows a plot of band gap versus lattice
distortion. Figure[7]shows that most of the compositions with lat-
tice distortion above 15% have band gaps above 3.0 €V, which is
well away from the solar cell target.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a)Formation energy of Ge-Based Compositions and (b)Formation energy of Sn-Based Compositions Compositions with gray bars indicates a
structure with lattice distortion greater than 15 %. All calculated perovskites have exothermic formation energies and are therefore thermodynamically
stable. Composition with « has no data due to convergence errors.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol.], 1-@ |3
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Fig. 4 Distruped and undistruped structure.(a)Crystal structure of dis-
rupted FA-Ge-F-F-F. Lattice distortion: 27%. Color code:Gray;Ge, Light
Blue;F. (b) Undisrupted crystal structure FA-Sn-I-I-I. Lattice distortion:
4.8%. Color code:Gray;Sn, Purple;l.

10 A

Frequency

15 20 25
Lattice distortion(%)

Fig. 5 Frequency distribution of the lattice distortion where the lattice
distortion is the maximum distance that X-site ions have migrated from
the ideal coordinates in the optimized structure divided by the lattice con-
stant. There is a frequency gap at 15% lattice distortion, which is used
as a criterion for whether the structure is collapsing or not.

Table 1 Charge transfer of B and X site atoms for selected perosvkites.

ABXj3 B-site Charge  X;-X,-X3-site Charge
Ge-based

FA-Ge-F-F-F +1.57 -0.80 -0.78 -0.91
FA-Ge-F-F-I +1.35 -0.81 -0.83 -0.64
FA-Ge-F-I-1 +1.14 -0.79 -0.57 -0.62
FA-Ge-I-I-1 +0.86 -0.55 -0.54 -0.60
Sn-based

FA-Sn-F-F-1 +1.40 -0.83 -0.83 -0.67
FA-Sn-F-I-1 +1.18 -0.78 -0.63 -0.63
FA-Sn-I-1-1 +0.98 -0.61 -0.61 -0.60
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Fig. 6 Pairwise correation of each property of perovskite.. XF,XCI,XBr,XI:
Fraction of each halogen in X-site. LC: Lattice constant. Eg:
Bandgap(Exs+pxc)- Eapx,: Formation energy. LD: Lattice distortion.

The electronic structures of compositions with high (e.g. FA-
Ge-F-F-F) and low (e.g. FA-Ge-I-I-I) heat of formation are investi-
gated. The charge transfer of the B-site atoms are listed in Table
In FA-Ge-F-F-F, F is negatively charged by 0.80, 0.78, and 0.91
electrons, respectively, while Ge is positively charged by 1.57 elec-
trons. On the other hand, in FA-Ge-I-I-I, I is negatively charged by
0.55, 0.54, and 0.60 electrons, while Ge is positively charged by
0.86 electrons Bader analysis indicates that the compositions with
F in the X-sites have more positively charged B-site atoms than
compositions with I. Thus, it is suggested that F forms stronger
ionic bonds with the B-site atoms, thereby inducing structural dis-
tortions.

Here, two type of bandgap is calculated named Egg and
Exs+pxc- Exs is bandgap calculated by PBE exchange correlation
while Egg,pxc is calculated by exchange correlation of GLLB-
sctm'f. In particular, Exgspxc is the fundamental band gap (eV)
of GLLB-sc (DXC is a differential discontinuity)m. The discrep-
ancy between the correction by DXC and the actual experimental
values varies from system to system. Table [2| shows calculated
and experimental band gap values for some compositions. Cal-

Table 2 Calculated (Exs, Exsipxc) and experimental band gaps of
FAGeBr;, FAGels, FASnBr; and FASnl;

Composition Eks [eV]  Egsipxc [eV] Exp.

FA-Ge-Br-Br-Br 2.26 3.23 3.13IEI
FA-Sn-Br-Br-Br 1.83 2.62 2.37@|
FA-Ge-I-I-I 1.30 1.87 2.20
FA-Sn-I-I-1 0.71 1.01 1. 44

4| Journal Name, [year], [vol.],1~|§|
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Fig. 7 Bandgap against lattice distortion is visualized. The vertical dotted
line indicates an lattice distortion value of 15%, and the red dots indicate
compositions with a lattice distortion greater than 15% and a band gap
greater than 3.0 eV.

culated bandgap with Exg.pxc have a good agreement with ex-
perimental bandgap 33*36. Therefore, Exs.pxc is chosen for cal-
culating bandgap.Band gap of each compositions of perovskites
are visualized in Figure [8} One can see that, the larger the sum
of the electronegativity of the X-site atoms, the wider the band
gap (e.g. FAGeF-F-F:6.50 eV, FAGel-I-1:1.87 eV). The 11 compo-
sitions with bandgaps of 1.0~2.0 (eV) are listed in Table [3} The
compositions such as FA-Sn-Cl-I-I, FA-Sn-I-Cl-I, and FA-Sn-I-I-Cl
are similar to each other. Therefore, considering them as equiv-
alent compositions in this work, the candidate compositions can
be described as FAGel;, FASnI,F, FASnI,Cl, FASnIBr,, FASnI,Br,
and FASnl3. Note that all compositions contain I. This is con-
firmed by the strong negative correlation of the number of X-site
I ions against the bandgap shown in Figure [6] indicating that the
presence of I might play an important role for controlling band
gap. All of these compositions are based on partial substitution of
FAGels and FASnlI; with other halogens. In particular, Br— doped
FASnlIj; has been studied previously as a solar cell, and the results
are in good agreement with the calculations 2280

Projected density of states (PDOS) are investigated to further
understanding of the band structure as shown in Figure ] In
particular, materials that has band gap range of 1.0-2.0 eV are
investigated. One can see that, the B-site p-orbital is dominant
for CBM(Conduction band minimum) and the X-site p-orbitals
are dominant for VBM(Valence band maximum). These PDOS
indicate that the energy level of the p orbital of I in the VBM
is higher than the p orbital of other halogens. Therefore, X-site
atoms with higher energy levels in the VBM, such as I, are im-
portant to achieve a narrower band gap. Band structure are also
summarized in Figure Band structure analysis indicates that
all candidate compositions are semiconductors and have direct
band gap. The lattice distortion for each composition is shown in
Figure S3.

This journal is © The Royal Society of Chemistry [year]

Table 3 Composition, LC(lattice constants), Formation Energy(Espx;)

and Band gap(Exs.+pxc) of 11 candidated perovskites .

ABX; LC[A]  Eapx,[eV]  EgsipxcleVl
FA-Ge-I-I-1 6.20 -0.403 1.87
FA-Sn-F-I-1 6.25 -0.628 1.98
FA-Sn-CI-I-1 6.25 -0.502 1.57
FA-Sn-Br-Br-I 6.20 -0.517 1.91
FA-Sn-Br-I-1 6.25 -0.489 1.40
FA-Sn-1-Cl-I 6.25 -0.502 1.52
FA-Sn-I-Br-Br 6.25 -0.502 1.93
FA-Sn-I-Br-I 6.25 -0.488 1.41
FA-Sn-I-1-Cl 6.25 -0.472 1.64
FA-Sn-I-1-Br 6.25 -0.476 1.32
FA-Sn-I-I-1 6.30 -0.463 1.01

4 Conclusion

In summary, 128 Ge,Sn based organic halide perovskites are in-
vestigated by high throughput calculations. All of calculated ma-
terials have exothermic reaction. Calculations unveil that there
are some correlation between the heat of formation and X site
ions. In particular, FA-Ge-I-I-I, FA-Sn-F-I-I, FA-Sn-Cl-I-I, FA-Sn-Br-
Br-1, FA-Sn-Br-I-I, and FA-Sn-I-I-I have bandgap between 1.0 - 2.0
eV where band structure shows these have direct bandgap. Elec-
tronic structures demonstrate that B-site p-orbital is responsible
for CBM and the X-site p-orbitals are responsible for VBM. Thus,
high throughput calculation can unveil the hidden trends in per-
ovskite materials and effectively search the perovskite materials.

5 Supporting Information

Calcualted all data is included as Supporting Information
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Fig. 8 (a)Band Gap(Eks+pxc) of Ge-Based Compositions (b)Band Gap(Eks;pxc) of Sn-Based Compositions. Egs. pxc:Fundamental band gap of
GLLB-sc (eV) are visualized where DXC is derivative discontinuity. The dotted lines are at 1.0 eV and 2.0 eV, and the composition of the orange bars
indicates that the band gap lies between them. Composition with * has no data due to convergence errors.
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Fig. 9 Projected density of states (PDOS) of 6 representative candidate compositions. 6 compositions are selected as representative candidates from
11 candidate compositions by rearranging the compositions that have the same X-site composition. The C and two N p-orbital of FA in the A-site are
shown in black and gray, the Ge and S p-orbital in the B-site in blue, and the p-orbital of each ion in the X-site in red, green, and yellow.
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Fig. 10 Exs.pxc(GLLB-sc) band structure for compositions with band gap from 1.0~2.0 eV. 6 compositions are selected as representative candidates
from 11 candidate compositions by rearranging the compositions that have the same X-site composition.
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