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Abstract: In the context of low-carbon environmental protection, the de-leading of perovskite materials has become a hot spot
in research, and replacing the position of lead in perovskites with suitable low-toxic elements is particularly important for
improving the toxicity of perovskites. The proposal of all-inorganic bimetallic perovskites provides a new direction for the crystal
structure composition of perovskites, and the substitution of lead ions by bimetallic ions greatly reduces the toxicity of
perovskites and improves the stability of the material. However, new problems have also arisen, bimetallic perovskites have
indirect band gaps will reduce the optical properties of perovskites, adjusting the band gap of compounds has become the main
problem in the study of bimetallic perovskites, this paper reviews the impact of adjusting different B-bit ions and X-bit halogen
ions on the performance of perovskites, and makes an outlook on the development prospects of perovskites.
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1. Introduction

In recent years, oil and coal resources have been greatly
consumed, people urgently need new energy to replace these
non-renewable energy sources. In this context, the use of solar
energy has achieved unprecedented development, and the
development of materials that can transform solar energy into
chemical energy has become the goal of many researchers.
Perovskite materials, as the third generation of new
semiconductor materials, have attracted people's attention and
have been widely used in solar cells, photodetectors [1-5] and
other optoelectronic devices due to their excellent material
characteristics [6-10], such as adjustable band gap, high
carrier migration rate, low defect density and high-power
conversion efficiency (PCE). As the most likely replacement
of silicon in the new photoelectric materials.

In the development of perovskite materials, three-
dimensional perovskites were first developed, taking lead-
based three-dimensional perovskite APbX3 as an example,
where A is a methyl ammonium ion (or formamide ion) and
X is a halogen ion (CI, Br, I'). Since Kojima A [11] first
measured the PCE of MAPbX; dye-sensitized batteries at
3.81% in experiments (the highest when the X-ion was I-
highest), the PCE of organohalide perovskites has reached
29.8% (certified by the National Renewable Energy
Laboratory of the United States) [12]. Although the organic
halide perovskite has achieved such a high photoelectric
conversion efficiency, it has not yet been vigorously promoted
by the market, mainly because of the poor stability of such
perovskites and the content of heavy metal ion lead. Taking
CH;3NH3Pbl; as an example, the synthesis reaction equation
is:

Pbl,+ CH3NH;I $ CH3;NH3PbIs @)

In some environments (oxygen-rich, humid, UV irradiation,
etc.), lead methyl ammonium iodide breaks down into
CH;3NH;sl and Pbl, or directly degrades into other chemicals.
A similar decomposition reaction occurs when the X-ion is
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Br, CI, or is itself a mixture of halide perovskites [13]. In
order to solve this problem, the researchers tried to replace
organic cations with metal ions (Cs?>*, Rb?"), first of all,
through the tolerance factor t to assess whether the A-position
ion can stabilize the BX; octahedral structure (when 0.8 <t<

1, perovskite will form; t>1 ,A-position ion is too large to
form 3D perovskite; t<0.8, will form a non-perovskite
structure.)

Ra+Rx
t= J2(Rg+Rx) @)

Ra: A-site ion radius; Rg: B-site ion radius; Rx: X-site ion
radius

In order to make the tolerance factor t=1, the A-bit ion
radius is much larger than the B-bit ion radius, so Cs?" is most
suitable as an A-bit ion. However, the radius of Cs*" still does
not meet the stability requirements, and the stability of
perovskites will be maintained by using halogen atoms with
larger radii [14]. This all-inorganic perovskite has better
stability than devices made of organic perovskites and
organic-inorganic hybrid perovskites.

In order to solve the lead toxicity of perovskite materials,
replacing lead ions with non-toxic metal ions is the
mainstream of today's perovskite development [15-16], such
as the IVA group elements Ge*" and Sn?' replacing Pb?", and
the three elements are located in the same main group with
similar electronic arrangement. In 2014, Hao Feng [17] first
reported CH3NH3Snl; perovskite with an optical bandgap of
1.3 eV, with an initial power conversion efficiency of 5.73%,
the amount of halogen ions in CH3NH3SnIBrs.« adjusted by
band gap engineering, which can control the coverage of most
of the visible spectrum, and regulate the performance of the
battery by changing the ratio of Sn and Pb, the data show that
when X=0.5, the material has a wider light absorption and the
highest short-circuit photocurrent density of 20 Ma cm™
(obtained at 100 mW cm simulated full daylight conditions).

Although Ge*" and Sn?" ions can improve the toxicity of
perovskites, their stability is poor and it is difficult to get out



of the laboratory. Taking MASnl; as an example, Sn?* is
easily oxidized to Sn*" (the 5s orbit of Sn?*" makes perovskites
easy to be oxidized) Perovskites are rapidly degraded to
produce higher carrier density and conductivity, and then the
device will be short-circuited. Compared with Sn?*, Ge** has
less application in perovskite materials, mainly due to the
high cost.

In recent years, the application of plasma ion substitution
to B-bit ions has been widely recognized by researchers, and
inorganic B-bit bimetallic halide perovskites stand out with
their low toxicity and excellent stability [18]. This type of
perovskite can be roughly divided into two types of
A>B(D)B(III)Xs and A,B(II)B(II)Xs according to the valence
state of B-bit ions. In 2016, Eric T [19] reported that
Cs»,AgBiBrs and Cs,AgBiCls were synthesized by solid-state
and solution routes, and their bandgap widths of 2.19 eV and
2.77 eV were measured, which were slightly smaller than
CH;3;NH3PbBr; with a bandgap width of 2.26 eV and
CH;3NH3PbCls at 3.00 eV. As can be seen in Figure 1, the top
of the valence band of both is mainly composed of the orbitals
of halogen ions, and the bottom of the conduction band is
mainly composed of the orbitals of Bi ions, and when the

electrons jump from the top of the valence band to the bottom
of the conduction band, the electrons may transition from the
p-orbital of the halogen ions to the p-orbital of the Bi ions.
Therefore, one of the reasons why the band gap of
Cs2AgBiClg is greater than that of Cs;AgBiBrs may be that
the attraction of the Cl consideration electron is stronger than
that of the Br consideration electron, because the former has
large electronegativity and small radius, so the electron is not
easy to detach (small electronegativity, narrow band gap).
However, they are less stable and degrade within weeks under
air and light conditions.

Like many types of perovskites, inorganic bimetallic
perovskites are also qualified in the photovoltaic field (as
shown in Figure 2). Thanks to the durability of the material
itself and the low cost of synthesis, inorganic double
perovskites have received widespread attention in recent
years. In this paper, the effects of different B-site bimetallic
ion combinations and different halogen atoms on the
properties of perovskites are explored through the crystal
structure and electronic structure of such inorganic bimetallic
perovskites.
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Figure 1. a. Atomic partial density of states maps for Cs,AgBiCls (top) and Cs>AgBiBrs (bottom). b. Band structure diagrams
for Cs,AgBiClg. c. Band structure diagrams for Cs;AgBiBrs. (The Fermi energy is set to E = 0 and denoted with a dashed line)
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Figure 2. Current and potential applications of halide double perovskites. (For each application, the chemical

formula of representative halide double perovskites is given) [20].
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2. Effect of Bimetallic Ions on The
Properties of Perovskites

2.1. A;B(I)B(IIT)X, Perovskite

Theoretical studies have shown that the main factor
determining the photoelectric properties of halide lead-based
perovskites is the 6s? solitary pair of electrons and inactive 6p
orbitals of Pb?>". When B-bit ions are +1 valence and +3
valence, such perovskites can be divided into three subgroups
by the presence of solitary electron pairs of B-bit ions: B(I)
and B(III) ions both contain solitary pair electrons; Only one
of the B(I) and B(III) ions contains solitary pairs of electrons;
Neither the B(I) nor B(II) ions contain solitary pairs of
electrons [21].

2.1.1. Both B-site Double Ions Contain Lone Electron
Pairs

Cs2InBiClg as a representative of the first type of double
perovskites (as of now, it has not been synthesized in
experiments), but Saeed [22] used density functional theory
to study the structural geometry, electron band gap, state
density of Cs:InBiXs (X=F, Cl, Br, I), confirming that the
valence band is mainly composed of ins orbitals, the
conduction band is mainly composed of Bi's p-orbital, and the
mechanical properties show that Cs,InBiXs (X=F, Cl, Br, Br,
etc.) is confirmed that the valence band is mainly composed
of ins orbitals of In, the conductive band is mainly composed
of the p-orbital of Bi, and the mechanical properties show that
Cs2InBiXs (X=F, Cl, Br, I) Meet the stability standards of the
cubic structure and achieve optical characteristics comparable
to MAPDI;. In 2016, Deng [23] reported that (MA),TIBiBrs
is the only perovskite that has been successfully synthesized
so far, both B(I) and B(III) ions, but T1 is more toxic than Pb.

2.1.2. The B-site Double Ion Contains A Lone Electron
Pair

The second class of inorganic biperovskite B(I) ions are
generally Na', K', Rb*, Ag’, Cu’, B(Ill) is Bi*', the
conduction band of such compounds is composed of the p-
orbital of Bi, and the valence band is composed of the 6s
orbital of Bi and the p-orbital of halogen ions. This
composition causes perovskites to produce a large band gap
(>3 eV), if such perovskites are applied to solar cells, the
adjustment of the band gap will be the primary problem to be
solved, and the band gap must be controlled in the range that
can effectively absorb visible light. Slavney [24] added CsBr,
AgBr, and BiBr; to HBr solution to cultivate CsxAgBiBrs
single crystals, which made a major breakthrough in device
lifetime by measuring an indoor luminescence lifetime of
about 660 ns, much higher than the (MA) PbBr; film
luminescence lifetime of 170 ns [25], and approaching the
lifetime of the optimized (MA)PbBr; film of 736ns-1pus
[26,27]. But these perovskites have indirect band gaps, and
PCE is lower in single junction solar cells. Hu [28] used first
principles to study the structure, electrons and other
properties of CspCuBiXs (X=I, Br, CI) perovskites, and
measured that Cs,CuBiX¢ (X=I, Br, Cl) were indirect
bandgap semiconductors, and the band gap values of
Cs,CuBiXe (X=I, Br, Cl) were 0.78 eV, 1.13 eV and 1.29 eV,
respectively, and the crystal structure was optimized by using
the PBE-GGA function, and the lattice parameters were
shown in Table 1. The lattice parameters and volume are
gradually decreasing, and the data are in line with Nabi's
report [29] Cs,CuBiCls with a lattice constant of 10.64 A. By
calculating that the negative binding energy (Ep) and
formation energy (Er) of the compound are less than zero, the
thermodynamic stability and synthesis feasibility of the
compound are proved.

Table 1. Lattice parameters, Goldsmith’s tolerance factor (tg), binding energies (Ev) and formation energies (Er) of double perovskites
Cs2CuBiXe (X=I, Br, Cl) [28].

Compounds a=b=c(A) V (A3) tG Eb E¢ Ref.
Cs,CuBils 12.00 1728.00 0.88 -2.7215 -1.2829 [28]

Cs,CuBiBrg 11.19 1401.17 0.90 -3.0787 -1.9879 [28]
10.895 [30]

C;CuBiCl, 10.64 1204.55 0.91 -3.4112 -2.3840 [28]

10.64 1079.05 [29]

10.366 [30]

2.1.3. None of the B-site Ions Contain Solitary Electron
Pairs

There are many types of the third type of inorganic double
perovskites, and most of the +1 valent cations applicable to
the B-bit ions of perovskites do not contain solitary pairs of
electrons. However, among all the compounds, only Ag" and
Cu*, which occupy state d'°, and In** and TI** that occupy
state s°, will have small band gaps. In 2018, Locardi [31]
reported for the first time the synthesis of Cs,AgInCls, and the
optical properties and size distribution of materials were
regulated by doped Mn?*, and the photoluminescent quantum
yield (PLQY) increased from 1.6% to 16%. Since the electron
is excited, it is the transition from halogen ions to B-site ions,
because Mn's atomic orbitals are lower than the energy of In

and Ag, so the band gap after incorporation of Mn*" is reduced.

In addition, the 3D orbital of the Mn ion is in a semi-full state,
so its energy will be further reduced. The structural model is
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shown in Figure 3.

Cs:NaGaFs also falls into the third category, with Wang [33]
studying Cs;NaGaFs single crystals by X-ray diffraction and
polarization Raman scattering, which has a hexagonal
structure symmetrical R3m (D3;) and a skeleton consisting
of GaFg¢ octahedrons connected to each other by NaFs
octahedrons shared by faces and horns. As shown in Figure 4,
this perovskite structure consists of 12 layers of Ga* and Na*
stacked along the C axis, so it is considered a "12-L type".

In all-inorganic double perovskites, A-bit ions are
identified as metal (or inorganic) cations, such as Cs*, Rb",
and Na“, etc. The B-bit ions are replaced by Pb%" into two
metal ions with different valence states. According to the
atomic orbitals of B-bit ions, such A,B(I)B(III)Xs perovskites
are divided into four categories [34], as shown in Table 2.
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Figure 3. Structural diagrams of double perovskite Cs»AgInCls and Mn?*'doped Cs,AgInCls NCs [32].

O
Figure 4. An Ortep view (left) and a polyhedral representation (right) from the neutron refinement showing the connectivity
between the GaFs and the NaFs octahedra. The white and grey polyhedral represent GaFs and NaFg, respectively, while the
white and black atoms correspond to Ce and F [33].

Table 2. All-inorganic double perovskite classification [34].

Type Atomic orbitals Element Peculiarity
Alkali metals/nitrogen group 3s!,4s!/6s2,5s? B(I)=Na"and K/ Partially synthesizable,
elements B(III)=Bi*" and Sb** the optical performance is

Post-transition 6s2,552/68%,5s%
metal/nitrogen group
elements
Precious metals/post-

excessive

44'9/5s2,4s?

Precious metals/nitrogen 44'9/6s2,5s?

group elements

not good
The band gap is small, the
performance is good, but
it is difficult to synthesize
Partially synthesizable,
the optical performance is
not good
Partially synthesizable,
the optical performance is
not good

B()=TI" and In'/
B(III)= Bi** and Sb**

B(I)=Cu" and Ag"/
B(II)=In*" and Ga*"

B(I)=Cu',Ag" and Au*
B(II)= Bi*" and Sb**

2.2. A;B(ITI)B(IT)X¢ Perovskite

Compared with A,B(I)B(II1) X perovskites, the number of
A,B(IDB(II)Xs perovskites has been reported to be very small,
and most of them are limited to theoretical research.

Gao [35] applied the EXtreme Gradient Boosting
Regression (XGBR) algorithm to a robust and predictable
machine learning model (ML) for perovskite materials to
obtain two novel lead-free inorganic double perovskites
Na2MgMnl6 (direct band gap of 1.89 eV) and K;Nalnle
(direct band gap of 1.46 eV) similar to organic-inorganic
perovskites (MAPI;) CH3sNH3Pbl; (E; = 1.6 eV), the valence
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band top is mainly composed of the p-orbital of X-bit ions,
the conduction band bottom of K,Nalnls is mainly composed
of X-bit ions, and the conduction band bottom of Na,MgMnl,
is mainly composed of B-bit ions, and the band structure and
projection density of the two perovskites are shown in Figure
5. With T. Compared with the conduction band bottom of
CsyAgInClg perovskite synthesized by Thao Tran [36]
(composed of In's S5s orbital), the difference in crystal
composition is that the halogen ions are CI" and I, and the
monovalent ions are Ag" and Na’. The difference in the
bottom composition of the conduction band may be due to the



fact that the two monovalent ions of the crystal have only s
orbitals in the ground state, while the Ag ions have d orbitals,
and the halogen ions can coordinate with Ag and In, while the

5
(@ >
3 il
] _./-
g2l 7|
>
21 Eg = 1.46eV
w0 =
S -
-2 — —
5 — ——t
GS XU 6 L wx
w — Total Najd =3
(e)g =
@10 e
S5
F
2 0
3
_"-5
=
10
ZN
X5
10 65 09 05 10 15 20
. Energy(eV)

KoNalnlg crystal can only coordinate with In, and the Cl
electronegativity is high, and it is less likely to obtain another
electron than the I ion after obtaining the electron.

(b)

G

— Total = Mgid)— I(s)

L wX

e T o iy

—— Mglp}— Mnid)

L]

% 1 2
nergy(eV)

Figure 5. a is the electronic band structure of K>Nalnls, the right is the electronic energy band structure of NaxMgMnle, ¢ is the projected
density of states (PDOS) of Kz2Nalnle, and d is the projected density of states (PDOS) of NaxMgMnle [36].

3. Effect of Halogen Atoms on The
Properties of Perovskites

Adjusting the properties of perovskites by changing the
type of halogen atom or changing the amount of halogen
atoms in the compound is an effective way to adjust the
properties of perovskites. The same type of perovskite
composed of different types (or different contents) of halogen
atoms may differ in material stability, material band gap,
carrier transport capacity, device life, etc. This section
describes the effects of different kinds (or content) of halogen
atoms on the properties of perovskite.

3.1. Single Halogen Double Perovskites

The most common and simplest method is to achieve
suitable band gap and material stability by replacing different
halogen atoms. Changes in halogens do not redefine
perovskites, but preserve some of the properties of the metal
ions at the A and B levels of the perovskite compound.
Researchers generally take the substitution between X=F, Cl,
Br, and L.

Saba Igbal [37] report that the photoelectric and
thermoelectric properties of Rb,AllnXe (X=Cl, Br, I) were
studied using the DFT algorithm, and the crystal structure is
shown in Figure 6a. Most halogen bimetallic perovskites are
cubic crystalline systems and belong to the Fm3m dot group.

By looking at the PDOS image in Figure 6c, the conduction
band bottom of the three compounds is composed of a 3p
orbital of Al and a small amount of In's 5p orbital, and when
the X-ion is Cl, the PDOS peak is more concentrated and
biased towards high energy, while from Br to I, PDOS
gradually flattens and moves in the direction of low energy.
Of course, not only Al ions, but also PDOS of other ions have
such phenomena, although the orbits that make up the valence
band are moving from low energy to high energy, but the
PDOS image does not change from concentration to flatness,
but compresses in the y-axis direction. Therefore, the band
gap shown in the energy band structure diagram gradually
becomes smaller, the shape of each energy band is roughly
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unchanged, the lower valence band moves up to the top of the
valence band, and the upper guide band moves down. The
bottom energy of the valence band shifts up because
compared to Cl, I' has a large ion radius, small
electronegativity, and easy to lose electrons. However, its
orbit is extremely similar, so the PDOS shape remains
roughly unchanged. Since the S5p orbital of In in the valence
band may not have a large interaction with the X-ion, the
approximate shape is not affected by the X-ion. The orbit of
the conduction band is different from the valence band orbital,
and the electron has to transition from the halogen to the orbit
of the metal ion, so the orbital of the halogen may have a
greater effect on the orbit of the metal in the conduction band.
As the electronegativity of halogen atoms decreases, the
orbitals of metal ions are constrained less.

Zhang [38] reported the high-voltage regulation of the
optical properties of Cs;AgBiClg crystals in the paper, and
analyzed two halogen perovskite materials in terms of
morphological  characteristics, ultraviolet  absorbable
spectroscopy experiments, X-ray diffraction experiments, and
in situ high-pressure Raman spectroscopy. Fu Ruijing [39]
reported that Cs,AgBiBrs was analyzed using the same
method, and now compares the experimental results of the
two:

To determine how the band gap of Cs,AgBiCls varies with
compression, Zhang performed in situ high-pressure UV-vis
absorption measurements up to 31 GPa (Figure 7a).
Cs2AgBiClg shows a sharp increase in absorption below 440
nm, with mild absorption trailing under environmental
conditions, indicating an indirect band gap feature, which is
substantially consistent with the findings of the study of G
Volonakis [40]. The band gap of Cs,AgBiCls is extrapolated
(adhv)"? with hv in the indirect band gap Tauc diagram
(where o is the absorption coefficient, d is the sample
thickness, and hv is the photon energy) as shown in Figure 7b,
with the indirect band gap reaching 2.84eV. Pressure-driven
bandgap evolution of Cs,AgBiCls after compression is shown
in Figure 7c. As the pressure increases, the band gap of
Cs2AgBiClg gradually redshifts below SGPa, followed by a



sharp increase above 5GPa in the small pressure region. As
the pressure increases further above 7 GPa, a redshift in the
band gap is observed. When the applied pressure reaches
approximately 14GPa, the band gap remains largely stable.
During decompression, the absorption spectrum of
Cs,AgBiClg remains blueshipped above 0.8GPa.

Fu used of high-voltage ADXRD spectra and in situ high-
pressure Ramanpu in his studies also confirmed red-blueshift
changes in the absorption spectrum, and that there was a
cubic-to-quadrangular phase transition in Cs;AgBiCls
throughout the pressurization process. However, after the
pressure is released, the structure of the perovskite is a
mixture of cubic and tetragonal phases, which causes the band

gap value after decompression to be greater than the initial
value. An image of the change of band gap with pressure of
Cs>AgBiClg is shown in Figure 8b, and for cubic structures,
the band gap decreases as the pressure increases. In Fig. 9 and
Figure 10, the energy band structure diagram of the cubic
phase and the quadrilateral phase at four pressures is shown,
respectively, and the Cs;AgBiCls of the cubic phase gradually
decreases with the increase of pressure; For Cs;AgBiCls in
the quadrilateral phase, when the pressure increases, the band
gap will produce an inflection point to increase the band gap
during the gradual reduction process, which is also consistent
with the conclusion of Figure 7c.
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Figure 8. Theoretical calculated electronic band structures of the cubic phase Cs2AgBiBrs at (a) 1 atm, (b) 2.0 GPa, (c) 6.0 GPa and (d)
15.0 GPa [39].
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3.2. Mixed Halogen Fully Inorganic Double
Perovskites

Compared with single halogen inorganic double
perovskites, the method of mixing halogens can also achieve
the purpose of adjusting band gap and performance. This
method has been used in lead-based organic-inorganic hybrid
perovskites [41,42]. However, mixed halogens are easy to
make perovskite materials produce halogen separation under
light conditions, and this photophasic separation effect limits
the application of perovskites in solar cells and light-emitting
diodes, while all-inorganic dipertenites will improve the
photostability of the compound [43], and large-radius A-site
cations play a crucial role in the stability of the material.
However, the band gap of all-inorganic double perovskites is
often relatively large, and the role played by changing the
single halogen atom in adjusting the band gap has certain
limitations, and changing the mixed halogen content provides
more directions for everyone in adjusting the band gap of the
material.

Han [44] reported on the study of mixed B-ions and mixed
halogen-ion perovskites, systematically studied the electronic
characteristics of mixed B-ions and X-ions in Cs2AgBiX6
perovskites through first-principles calculations, and found
that the electron and hole life of mixed halogen double
perovskites was significantly higher than that of bimetallic
perovskites mixed with B-ions. Unlike B(I) and B(III) cation-
bit alloys, Cs,AgBi(BriClix)s shows the virtual crystal
behavior of VB and CB, as shown in Figure 11. The VB and
CB of Cs;AgBi (Br«Cli—)s are located between the energies
of Cs2AgBiBr6 and Cs>AgBiCls. This phenomenon is due to
the small chemical differences between Cl and Br. At the
same time, both VB and CB of Cs,AgBi(BriCl;—«)s showed
little broadening, which also showed that displacement
disorder had little effect on the lifetime of the electronic state
in CszAgBi(BryCl;)s.

4. Conclusion

Most inorganic bimetallic perovskites are group of Fm3m
points when performing theoretical calculations, so when
optimizing their geometry, they can be accelerated by their
symmetry; The top of the valence band is generally composed
of the p-orbital of the X-site ion, and the bottom of the
conduction band is generally mainly composed of the lowest-
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energy atomic orbital of the B-site ion; The smaller the
electronegativity of the atom at the top of the contribution
valence band, the higher the energy of the valence band, the
greater the electronegativity of the atom contributing to the
bottom of the conduction band, the lower the conduction band
energy, and the smaller the band gap; Between B-site ions and
B-site ions, and between B-bit ions and X-site ions, the more
the orbital energy matches, the lower the band gap; Elements
with similar energy levels and structures constitute energy
bands with similar shapes, such as changing the type of
halogen atoms, which have less effect on the approximate
shape of the energy bands; A-site ions do not contribute to the
composition of the energy band, but only play a role in filling
vacancies, balancing charge and stabilizing structure.

There are many ways to adjust the band gap of materials:
dimensional reduction [45], molecular engineering [46],
phase transitions [47], pressure regulation [39], strain
modulation [48] etc. Perovskite materials because of their
own special structure and properties, is a new star in the field
of photovoltaics, many researchers have also invested in the
study of perovskite, perovskite performance will also be
further improved.
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