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ABSTRACT: Organic—inorganic hybrid perovskite materials with high photoelectric conversion efficiency are currently the most
promising materials in the development of new-generation solar cells. It is quite easy to calculate the highest occupied molecular
orbital—lowest unoccupied molecular orbital (HOMO—LUMO) gap of a cluster, while it is difficult to calculate the band gap of bulk
materials accurately. Therefore, in this work, we constructed a cluster model database with 352 ABX; structures (A = monovalent
cations, B = divalent cations, and X = monovalent anions). Based on the properties of the cluster models, including the HOMO—
LUMO gap, the charges on A%, and the distance of H..X (H atoms are in A*), a valid prediction model was proposed for the band
gap of bulk materials with the coefficient of determination R* = 0.80. Based on this model, we found several new perovskites with
suitable band gaps, which may guide the exploitation and development of new materials.

1. INTRODUCTION

In recent years, organic—inorganic hybrid perovskites, often
denoted as ABX; (generally, A = monovalent cations, B =
divalent metal cations, and X = monovalent anions), have
developed rapidly for the high photoelectric conversion
efficiency.'™® At present, the efficiency of similar materials
has topped over 25%,” which is comparable to single-crystal
silicon materials.

In previous studies on perovskites,10_16 the cluster model
has shown a lot of advantages because of the small calculation
cost, while the periodic structures have a huge cost in
calculations for the band gap, which is the essential property
for photoelectric conversion as well as other important
parameters of the materials. Although the highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gap and the band gap have a close
relationship from the point of view of electronic structures,
the calculated values based on density functional theory
(DFT) are quite different for them. Taking MAPbI,
(CH,;NH,Pbl;) as an exam7p1e, the band gap of the periodic
model is about 1.53 eV'” with the high-precision hybrid
functional Heyd—Scuseria—Ernzerh (HSE). As for the cluster
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models, some researchers calculated the HOMO—-LUMO gap
of MAPDI; with different methods, including coupled cluster
single double (triple) (CCSD(T)) (9.23 eV),"* time-depend-
ent DFT with Becke three-parameter Lee—Yang—Parr func-
tionals (B3LYP) (4.5 eV),"* B3LYP (4.67 eV),"® and M06-2X
(3.67 eV)."" Unfortunately, the calculation results of the
cluster models above are far from the periodic models, and the
difference may be caused by both calculation models and
methods. Therefore, the inaccurate prediction of band gap of
perovskites based on the HOMO-LUMO gaps of cluster
models makes it difficult for most scholars to be convinced,
and the applications of cluster models in perovskite research
were limited. To solve this problem, some researchers have
proposed several methods to improve the accuracy of the
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cluster models. Giorgi et al.'® constructed several cluster
structures by an increasing number of Pb atoms with the same
number of octahedrons. The calculation results are 4.67, 4.23,
3.70, and 3.50 eV for 1, 2, 8, and 12 octahedrons, respectively.
We can find that with the increasing number of calculation
units, the HOMO—-LUMO gap of the cluster models gradually
decreases and moves closer to the results of the periodic
models. However, the calculation accuracy still cannot reach
the band gap calculated by the periodic models at the HSE
level. Furthermore, this complicated modeling method needs
to construct a series of cluster models and perform DFT
calculations on all of these clusters, which is quite time-
consuming. Therefore, it is important to find a new way to
predict the band gap of bulk perovskites based on calculations
with simple cluster models. Considering the close relationship
between the two types of gaps, it is also essential that the
prediction model is based on the HOMO—-LUMO gap of
clusters.

In this work, we performed three main tasks. First, we
constructed a cluster model database with a scale of 352 cluster
structures based on DFT calculations (Table S1). Second, we
proposed a prediction model for the band gap of bulk materials
with the coefficient of determination R*> = 0.80 based on the
properties of cluster models, which provides a deep under-
standing based on the relationship between the cluster models
and the periodic models. Third, we predicted several promising
systems with suitable band gaps.

2. CALCULATION METHODS

DFT has been used for its high accuracy and relatlvely low
computational cost. The Gaussian 09 software package'” was
used to perform DFT calculations with the cluster model of
perovskites. B3LYP hybrid functional®® and def2SVP basis
sets”"*> were used in the DFT calculations, and Grimme’s
DFT-D3 method™ was used for corrections of dispersion
interactions. All of the cluster structures were optimized to
have the minimal energy with the neutral charge state.

The cluster models are actually the smallest structure units,
ABX;, which were derived from the periodic models of bulk
perovskite materials. Theoretical calculations on materials can
provide a large amount of data without influences of
experimental synthesis conditions. The periodic structures
and data involved in this research come from an open-source
database™* based on DFT calculations with the HSE hybrid
functional. In this database, each perovskite generally has
several different configurations, including three-dimensional
(3D) structures, two-dimensional (2D) planner structures, and
2D pillar structures. Data of 3D structures were selected as the
fitting object in this work (except EASnBr; with data only for
2D structures), and the average band gap values of the 3D
structures were used for each ABX;.

In the model validation part, periodic structures were
constructed to calculate the band gap. We carry out first-
principles calculations using the Vienna ab initio simulation
package (VASP)Zg 2% with the projector augmented wave
(PAW) formalism.”” The HSE hybrid functional”® was used
with the plane-wave cutoff energy of 520 eV. The ions were
relaxed until the maximum force on each atom was smaller
than 0.02 eV A™!, and the total energy was obtained when it
converged to 107> eV in the electronic self-consistent loop.
Grimme’s DFT-D3 corrections were also included through
setting IVDW = 12. A 2 X 6 X 6 y-centered K-point grid was
used during the calculations.
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3. RESULTS AND DISCUSSION

3.1. Cluster Model Database. In this work, a cluster
model database was constructed with a scale of 352 cluster
structures. Figure la—h shows the typical cluster structures of
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Figure 1. Typical cluster structures for MAGeX; (X = F, Cl, Br, ],
SCN, CIO, BrO, and IO in panels (a—h), respectively).

MAGeX; as an example. The geometric structures of other
perovskite materials are similar to the structures mentioned
above. In the database, 11 types of A" sites were MA" =
CH,NH,", FA* = NH,CHNH,", LA* = (CH,),NH,", TA* =
(CH,),CHNH,*, RA* = C,N,H,*, EA* = NH,OH*, UA* =
(CH,),NH", DA* = (CH,),N*, KA* = CH,CH,NH,", KB" =
CH,CH,CH,NH;", and KC* = CH,;CH,CH,CH,NH,", four
types of B*' sites were Ge**, Sn?*, Pb**, and Zn**, and eight
types of X~ sites were F~, C17, Br~, I, SCN~, ClIO~, BrO~, and
10™. The electron affinity of pseudo-halide ions (e.g., SCN™) is
similar to halide ions, so it is reasonable to construct new
perovskites by replacing halide ions with pseudo-halide ions.””
Properties of these cluster structures are listed in Table SI,
including the HOMO~-LUMO gap, the molecular volume, the
charge on A", the ionization energy of ABX;, binding energy of
A*..BX;", and the shortest distance of H..X (the H atoms in
AY).

Among these organic cationic groups and anionic groups,
MA* and the halide groups (F7, CI7, Br~, and I7) were the
most popular, and these types of perovskite materials have
been widely investigated. Table 1 shows the calculated results
for two geometric parameters, the shortest distance of H..X
(D, A) (the H atoms in A*) and the shortest bond length of
B—X (R,, A) of MABX,. Data from refs 14, 30, and 31 are for

Table 1. Calculated Results of the Shortest Distance of H...X
(D, A) and the Shortest Bond Lengths of B—X (R, A)
Compared with those in Previous Studies

ABX, D R,
MAGeF, 1.72 1.87
MAGeCl, 2.18 2.37 (2.33)* (2.39)”
MAGeBr;, 2.33 2.54 (2.53)*
MAGel, 2.53 2.77 (2.77)* (2.78)**
MASnNF, 1.68 (1.78)*" 2.06
MASnCl, 2.17 (2.21)* 2.55 (2.57)'* (2.60)*
MASnBr, 2.33 (2.36)"" 2.72 (2.72)'* (2.69)*
MASnI, 2.54 (2.56)* 2.94 (2.99)"*
MAPbF, 1.66 (1.75)*" 2.16
MAPHCI, 2.16 (2.20)* (2.12)** 2.64 (2.66)"* (2.72)*
MAPbBr, 2.32 (2.36)% (2.33)* 2.80 (2.83)'* (2.97)**
MAPbI, 2.54 (2.56)* (2.52)** 3.02 (3.04)"
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Figure 2. Linear relationship between the HOMO—LUMO gap of the cluster models and the band gap of the periodic models for ABX; with
different types of A* cations (a—k). The purple, blue, green, and orange points denote systems with X = F, Cl, Br, and I, respectively, while the
triangle, circle, and square points represent B = Ge, Sn, and Pb, respectively.

cluster models and data from refs 29 and 32—34 are for
periodic models. The results in this work are very close to
those in previous studies with difference less than 5% for most
cases, indicating that the cluster models and the calculation
methods in this work are reliable.

3.2. Prediction Models Based on Properties of Cluster
Models. The band gap of photoelectric materials has a great
impact on the optical properties of the perovskite materials.
The light absorption efficiency of perovskite materials will be
reduced if the gap is too large or too small. Hence, it is a
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Figure 3. Side (a) and top (b) views of the plane relationship of Q*/D* and HOMO—LUMO gaps of cluster models and the band gap of periodic
models. The purple, blue, yellow, and red points denote ABX; with X = F, Cl, Br, and I, respectively.

feasible method to select perovskite materials according to the
band gap, which can be obtained accurately by periodic
models. Due to the lack of data for bulk materials with Zn>*,
SCN7, CIO7, BrO7, and IO7, only 132 structures are chosen
to explore the relationship between the HOMO—-LUMO gap
of the cluster models and the band gap of the periodic models,
including 11 types of A*, three types of B**, and four types of
halogen anions (Figure 2).

Figure 2a—k shows the linear fitting of the HOMO—-LUMO
gap and the band gap for different types of A*. For every type
of A", the two gaps have a similar increased relationship with
the sequential increase of the atomic number of halogen ions.
The reason for this trend is the decrease of electronegativity of
the halogen ions from F to I Although the situations of
systems with different A* cations are not precisely consistent,
the overall trend is the same, which can also prove the
rationality of the cluster models. It is noticeable that a number
of them showed a nice linear relationship with the values of R
over 0.80, such as (LA*, TA", UA*, KA*, KB*, KC*), while the
rest of the structures showed a poor linear relationship with
values of R* between 0.6 and 0.8. The linear fitting with all 132
systems together was also performed, as shown in Figure S1.
The overall trend is maintained while R is also not high
(0.66).

To weaken the influence caused by the different A" sites in
different systems and to obtain a general relationship that can
precisely adapt to more systems, additional properties are
needed to consider for revising the linear relationship of the
HOMO-LUMO gap of the cluster models and the band gap
of the periodic models. By comparing the relationship between
the individual variables in the database and the HOMO-—
LUMO gap, we found that Q and D have remarkable effects on
the HOMO—-LUMO gap of the clusters in which Q represents
the Hirshfeld charge on the A" organic cation, and D
represents the shortest distance of H..X (H atoms are in
A*). Q reflects the process of charge transfer, which changes
the electron distribution not only among atoms but also in
molecular orbitals and thus may have a close relationship with
the band gap of bulk materials. A smaller D represents a
stronger binding ability between A" and BX;™ parts and a
higher possibility for the orbital overlap between H in A* and
X and thus also affects the band gap significantly. Therefore, Q
and D can provide some microscopic electronic and geometric
structure information and thus can be used to revise the fitting
relationship between the HOMO—-LUMO gap of the cluster
models and the band gap of the periodic models. We tried a
variety of combination functions of Q and D and take them
and the HOMO—-LUMO gap as two variables to conduct two-
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dimensional linear fitting (plane fitting) for the band gap of
bulk materials. With the plane relationship, a new descriptive
variable Q?/D? was proposed, which is just the expression of
the Coulombic interaction force between A* and BX;™ and
thus can reflect the interaction strength of the two parts, as
shown in Figure 3a,b.

With the new descriptive variable, the fitting plane equation
was established

Z =17.27X + 0.70Y — 1.66 (1)

with R* = 0.80. In this equation, X, Y, and Z are Q*/D? the
HOMO-LUMO gap, and band gap, respectively. Using this
equation, the band gap of new perovskite materials can be
predicted after obtaining the HOMO—-LUMO gap and the
Q?/D?* value of the cluster model. It takes less time for
modeling and optimizing with cluster models, which is difficult
to achieve in periodic models or experiment preparation.

At present, it is recognized that materials with high
photoelectric performance should have a band gap of about
1.6 eV according to experimental measurements.”> It is proper
to select potential perovskite materials according to this value.
It should be pointed out that the band gap database®* used in
this work was based on DFT calculations with HSE hybrid
functional, which may be quite reliable for most cases, while it
was also found that the computed band gap by DFT may differ
from the experimental values significantly in other cases.
Therefore, an acceptable range of the band gap (Z) was set as
1.6 + 0.4 eV. That is, the upper and lower limits are 1.2 and
2.0 eV, respectively. Accordingly, the fitting eq 1 obtained
above can be modified, and a new inequality was obtained

2.86 < 17.27X + 0.70Y < 3.66 ()

which can be used directly to select promising materials.

Our cluster model database includes 352 structures, and data
of 132 clusters were used to obtain the above equation with
known data of bulk materials. The rest 220 clusters were
screened with inequality 2, as shown in Figure 4. Most of these
clusters are with X = CIO, BrO, 10, SCN. In Figure 4, two
green lines represent the upper and lower limits, and 13
promising structures were initially shown up. They are
EAGe(I0),, EAPb(IO), EASn(I0), EAZn(IO), TAGe-
(10),, TAPb(IO), TAZn(IO), TASn(IO); KASn(IO)s,
KAPb(I0);, KAZn(IO);, KbPb(IO);, and KCPb(IO),.
According to the prediction in Figure 4, most materials may
have too large band gaps, except the ones with IO™ and various
A" organic cations, which are rarely studied. The IO~ ion has
similar chemical properties with the halide ion I". The ionic
radius of 107 is 2.0 A,*® which is close to that of I” (2.1 A).

https://doi.org/10.1021/acs.jpcc.2c03016
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Figure 4. Prediction of promising systems to have suitable band gaps.

Small vertical ionization energy (VDE) of I~ (3.30 eVv)*
corresponds to a weaker holding capability of the valence
electron in BX;™. This suggests a lower bonding ionicity and
smaller band gap of MAPbI;. IO™ has an even lower VDE
(246 eV),*® which may lead to small band gaps of I0~-
containing materials. In a previous work,’® with partial
replacement of I~ by IO~ in MAPbI;, MAPbI, ,5(10),,s was
predicted to have good water-resistant properties through
theoretical calculations.

3.3. Model Validation. In the 13 promising systems that
may have suitable band gap for photoelectric conversion, some
of them are selected to verify the rationality of our work. Lead-
containing perovskites are not selected due to their possible
toxicity. TA-containing ones are not selected because TA is too
large and a lot of time will be cost. Furthermore, Zn shows a
different valence structure from Ge, Sn, and Pb, and so the Zn-
containing ones are also not selected. Thus, only three system,
EAGe(10),;, EASn(I0);, and KASn(IO),, are selected to
construct periodic structures and calculate band gaps.

Orthorhombic crystal structures were built for three systems,
and the optimized structures are shown in Figure S2a—c. Then,
band structures were calculated with HSE functional and
shown in Figure S3a—c. The band gaps obtained are 1.38, 1.30,
and 1.52 eV for EAGe(I0),;, EASn(I0);, and KASn(10),,
respectively. These band gap values are in the ideal range
(1.2-2.0 eV), indicating that three materials may have
outstanding photoelectric conversion performance. It also
demonstrates that the prediction ability of our cluster models is
acceptable. Note that the raw data taken from the band gap
database were obtained by DFT calculations, and the above
band gap values of the three materials are also calculated data.
Thus, it is essential to perform further experiments to confirm
their high performance of photoelectric conversion.

4. CONCLUSIONS

In this work, a cluster model database containing 11 types of
A, four types of B**, and eight types of X~ was established
based on density functional theory. The linear fitting
relationship and plane fitting relationship between the cluster
models and the periodic models were performed. Among
them, the coefficient of determination (R?) of the plane fitting
relationship between the band gap of bulk perovskite materials
and (HOMO-LUMO gap, Q*/D?) of cluster models is 0.80.
We propose a practical prediction model of band gap of
organic—inorganic hybrid perovskites based on a simple cluster
model database based on which several promising photo-
electric materials are suggested with suitable band gaps.

Therefore, our work is stimulating that may guide the
preparation of new perovskite materials in future work.
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