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Alloying strategies provide a high degree of freedom for reducing lead toxicity, improving thermodynamic stability, and tuning
the optoelectronic properties of ABX; halide perovskites by varying the alloying element species and their contents. Given the
key role of B-site cations in contributing band edge states and modulating structure factors in halide perovskites, the partial
replacement of Pb”" with different B-site metal ions has been proposed. Although several experimental attempts have been made
to date, the effect of B-site alloying on the stability and electronic properties of halide perovskites has not been fully explored.
Herein, we take cubic CsPbBr; perovskite as the prototype material and systematically explore the effects of B-site alloying on
Pb-containing perovskites. According to the presence or absence of the corresponding perovskite phase, the ten alloying
elements investigated are classified into three types (i.e., Type I: Sn, Ge, Ca, Sr; Type II: Cd, Mg, Mn; Type III: Ba, Zn, Cu).
Based on the first-principles calculations, we obtain the following conclusions. First, these B-site alloys will exist as disordered
solid solutions rather than ordered structures at room temperature throughout the composition space. Second, the alloying of Sn
and Ge enhances the thermodynamic stability of the cubic perovskite host, whereas the alloying of the other elements has no
remarkable effect on the thermodynamic stability of the cubic perovskite host. Third, the underlying physical mechanism for
bandgap tuning can be attributed to the atomic orbital energy mismatch or quantum confinement effect. Fourth, the alloying of
different elements demonstrates the diversity in the regulation of crystal structure and electronic properties, indicating potential
applications in photovoltaics and self-trapped exciton-based light-emitting applications. Our work provides theoretical guidance
for using alloying strategies to reduce lead toxicity, enhance stability, and optimize the electronic properties of halide perovskites
to meet the needs of optoelectronic applications.
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1 Introduction

Metal halide perovskites have attracted considerable interest
as promising photovoltaic materials with excellent optoe-
lectronic properties, including a widely tunable optical
bandgap, long and balanced charge carrier diffusion length,
and high charge carrier mobility [1-5]. However, their
practical application still faces many challenges, including
lead toxicity and poor long-term stability due to heat, light,
and moisture stresses [6-8]. Alloying, i.e., partially replacing
the original constituent elements with targeted ions, has been
used as an effective method to tune the stability, reduce
toxicity, and modulate the fundamental properties of per-
ovskites. Because of the unique ionic structure, alloying in
ABX; halide perovskites is easier and more diversified than
in conventional semiconductors [9-11]. Generally, alloying
at the A-site of perovskites uses monovalent organic/in-
organic cations, such as MA+, FA+, Cs+, and Rb". Such a
combination of organic and inorganic ions with different
ionic radii can effectively adjust the tolerance factor, thus,
playing a vital role in improving the phase stability of per-
ovskites. For example, the stability of the photoactive a
phase of the mixed solid-state perovskite alloy FA;_.Cs Pbl;
was determined to be higher than that of the pure CsPbl;
perovskite [12]. Moreover, in most of the experiments, three
or more cations, such as RbysCs, ;FA(ssPbl; and Rb,Cs,-
(MA (;5,)2FA 1-2,2)Pbl; perovskites, were typically used in
the A-site alloying process [13,14]. The increase in entropy
due to cation mixing further improves the perovskite stability
[15]. Regarding B-site alloying, the toxic Pb" is usually
replaced by the divalent Sn*", Ge** or trivalent Bi’", In®"
because of the reduced toxicity and isoelectronic config-
uration with Pb. Moreover, the B-site elements of halide
perovskites dominate the band edge states, which largely
determine the optoelectronic properties of the ABX; halide
perovskites. For instance, Mn-doped CsPbCl; nanocrystals
have been reported to ensure efficient exciton luminescence
in perovskite hosts, mainly ascribed to the 4T1—>6A1 transi-
tion of Mn”" [16]. Meanwhile, X-site alloying mainly in-
volves three kinds of halogen ions, i.e., Cl , Br , and I . The
observed energy difference between halogen p orbitals pu-
shes the band edge to a higher or lower energies, accom-
panied by a band offset. Therefore, alloying at the X-site can
significantly alter the bandgap, subsequently changing the
optoelectronic performance [17-19].

Compared with A-site and X-site alloying, the introduction
of various ions to the B-site lattice results in larger formation
energies, which, to a certain extent, indicates that B-site al-
loying can regulate the thermodynamic stability in a wider
range [15,20,21]. The replacement of Pb by B-site cations
can also significantly reduce the toxicity of Pb-containing
perovskites. Meanwhile, the electronic structure dominated
by B-site cations will show significant changes. Currently,
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the equivalent alloying (Sn2+, Ge2+, Cd2+, Mg2+, Zn2+, Cu’,
Ba™', and Ca’", etc.) and heterovalent alloying (Bi3+, Sb*,
In3+, Ce3+, Eu3+, and Yb3+, etc.) of B-sites have been at-
tracting considerable interest from the scientific community.
Alloying equivalent metals, such as Sn, have produced nar-
row-bandgap materials. However, Sn-based perovskites have
been proven to be highly unstable because of their capability
to easily oxidize into their tetravalent Sn*" state, resulting in
significant defects and excess holes [1]. Similarly, Ge™ is
suggested as an attractive alternative for Pb”". However, the
low electron binding energy of Ge™" leads to its rapid oxi-
dation to higher valence states, resulting in lower power
conversion efficiency than Pb-based perovskite cells. Re-
cently, Cd-rich perovskite CsPb,_.Cd,Br; has been prepared
by introducing Cd*" to the B-site, yielding a one-dimensional
(1D) rod-shaped morphology, which can achieve a true blue-
color emission with a high quantum yield of 48% [22].
Moreover, Mn”" alloying has been proven to effectively
stabilize the a-CsPbl; phase because of a small decrease in
the lattice parameters and an increase in the cohesive energy
[23]. By contrast, heterovalent doping, i.e., partially repla-
cing Pb”>" with Bi’", can effectively change the Fermi level
and flips the sign of majority charge carriers from p-type to
n-type [24]. If established in hybrid perovskites, then it could
enable the fabrication of devices based on a p-n perovskite
homojunction with minimal lattice mismatch. Furthermore,
the incorporation of heterovalent cations in halide per-
ovskites could potentially extend their spectral range to
longer wavelengths [24].

To date, several theoretical works have explored the dop-
ing or alloying of perovskite B-sites with different metal
elements [25-28]. However, most of these studies do not
consider the spin-orbit coupling (SOC) effect in the calcu-
lation process, which has been shown to considerably impact
the electronic properties of Pb-containing perovskites. Most
of the previous studies are also based on the replacement of
one or a few atoms in an ordered unit cell with a small
number of atoms to achieve doping concentration, which is
largely due to the tractability of using small unit cells of the
perovskite system for computational modeling. However, in
this work, the B-site alloys of halide perovskites are ob-
served to have disordered lattices. Therefore, proper lattice
expansion is required to simulate the disordered state of B-
site atoms accurately. Moreover, to our knowledge, no the-
oretical work currently explains the occurrence of phase
transitions with changes in alloying concentrations. For ex-
ample, with the increase in alloy ratio, a-CsPbBr;-alloyed
Cd, Mg, and Mn will show the transformation from cubic
phase to hexagonal phase.

Herein, we take CsPbBr; as the prototype material to in-
vestigate the effect of B-site alloying on the stability and
electronic properties of halide perovskites. We divide the ten
alloying elements into three types based on the presence or



X. Wang, et al.

absence of the corresponding perovskite phase (i.e., Type I:
Sn, Ge, Ca, Sr; Type II: Cd, Mg, Mn; Type IlI: Ba, Zn, Cu).
We first demonstrate that all of these alloys will exist as
disordered solid solutions at room temperature, in which the
alloying of Sn and Ge can significantly improve the ther-
modynamic stability of cubic CsPbBr; perovskite. Electronic
property analysis shows that the bandgap decrease of Sn
alloys is due to the energy mismatch between Sn-5s/5p and
Pb-6s/6p orbitals, whereas the bandgap increase of alloyed
Cd, Mg, Ba, and Zn perovskites is due to the upshift of the
conduction band minimum (CBM) and the downshift of the
valence band maximum (VBM) because of the quantum
confinement effect. We note that different types of alloys
exhibit significant differences in bandgaps, effective masses,
and band edge charge distributions, indicating potential ap-
plications in photovoltaics and self-trapped exciton-based
light-emitting applications.

2 Results and discussion

2.1 Ground state configuration

For alloyed perovskites, the atomic arrangements at alloy
sites need to be explored, which will determine the rational
construction of alloy models and the calculation of electronic
properties. The cluster expansion (CE) method can effi-
ciently evaluate the relative stabilities of 10° structures of
alloy perovskites across the range of x (0 < x < 1) using a
low-cost computational method [29-31]. Through the CE
prediction and iterative process, we can rapidly capture the
ground state configurations corresponding to different
component concentrations. Furthermore, we can determine
whether the alloy is in an ordered configuration or a dis-
ordered solid solution from the formation energy range of the
ground state structure. However, this method is usually ap-
plied in the case of a single-phase alloy, and no phase tran-
sition occurs. Thus, this method is unsuitable for Type II and
Type 111 alloys. Here we select Sn and Ge from Type I alloys
to explore the structural characteristics of CsPb,_,Sn,Br; and
CsPb,_,Ge,Br; using the CE method. We explored the phase
diagrams of CsPb,_,Cd,Br; and CsPb,_ Mg Br; perovskites
for Type II alloys by searching all possible structures with 60
atoms, including nine alloy ratios (x = 1/6, 1/5, ..., 4/5, 5/6),
involving thousands of structures to perform high-through-
put first-principles calculations. For Type III alloys, we
failed to identify the structures of CsBaBr;, CsZnBr;, and
CsCuBr; in the perovskite phase in previous experimental
works and the ICSD database. However, based on the ex-
isting reports, we believe that these alloyed systems still have
the same cubic structure as the parent CsPbBr; when doped
at low concentrations, i.e., having disordered atomic ar-
rangements at the alloying sites [32,33].

As shown in Figure 1(a) and (b), through an expanded
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structure search in the entire component variation range, the
formation enthalpies of CsPb,_,GeBr; and CsPb,_.Sn Br;
are positive and detected near the decomposition line. No
phase stability conditions are observed, i.c., with sig-
nificantly negative AH. This indicates that Sn and Ge alloys
will exist in a disordered solid solution state throughout the
composition space. For Type II alloys, Figure 1(c) and (d)
shows that the formation enthalpy of cubic structure is
smaller than that of hexagonal structure at low Cd/Mg con-
tent (x < 0.20), indicating that CsPb, ,Cd,Br; and
CsPb,_Mg,Br; perovskite alloys will adopt the 3D cubic
structure to maintain structural stability. When the Cd/Mg
content increases, the formation enthalpy of the 1D hex-
agonal phase decreases gradually, indicating the conversion
from a 3D cubic structure to a 1D hexagonal structure. For x
> 0.85, the formation enthalpy of the hexagonal structure is
0.1 eV/fu. smaller than that of the cubic structure. This in-
dicates that the CsPb, ,CdBr; and CsPb,_ Mg Br; per-
ovskites would tend to form a 1D hexagonal crystallographic
structure at Cd/Mg-rich conditions. Meanwhile, Figure 1(c)
shows that the ground state of CsPb,3Cd,,Br; (x = 0.2) has
weak thermodynamic stability with a formation enthalpy of
—0.02 eV/fu. at T = 0 K. Notably, the thermal excitation
energy at 300 K is approximately 25 meV/atom, which is
larger than the negative enthalpy value [34]. This indicates
that the B-site atoms should be disordered in the CsPb, -
Cd,,Br; alloy structure at room temperature. Our results
show that all three types of perovskite alloys exhibit dis-
ordered solid solution miscibility at room temperature.

2.2 Composition-stability relationship

We next constructed the disordered perovskite alloy struc-
tures using the special quasi-random structures approach and
explored the effect of B-site alloying on thermodynamic
stability [35,36]. As shown in Figure 2(a), the cubic
CsPb,_M,Br; alloy has a three-dimensional (3D) periodic
structure, where the [PbBrg] and [MBrg] octahedra are ran-
domly distributed around the Cs atoms. To assess the thermal
stability, we calculated the formation energies (E;) of
CsPb,_ M Br; with respect to their binary phases (i.e., CsBr,
PbBr,, and MBr,). For Type I alloys (Figure 2(b)), the for-
mation energies of Sn and Ge alloys decrease linearly with
the increase in concentration, indicating that the addition of
Sn and Ge enhances the stability of CsPbBr; cubic per-
ovskite. With the incorporation of Ca, the formation energies
of the alloys do not change significantly in most contents
(from 0 to 0.75), indicating that the stabilizing effect of the
optimized tolerance factor just counteracts the destabilizing
effect of metastable [CaBrg] octahedra. Sr alloying increases
the formation energy, showing that the stability of the cubic
phase CsPb,_,Sr,Br; gradually decreases. However, negative
formation energies indicate that these alloys can still be
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Figure 1 (Color online) Calculated formation enthalpies of the alloyed perovskites CsPb,_,M,Br; (M = Ge (a), Sn (b), Cd (c), Mg (d)) in the range of x (0 <
x < 1). In (a) and (b), the alloy structures were generated by the CE method with the constraint of up to 20 atoms per unit cell. The red triangles denote the
structures calculated by DFT, and the blue horizontal line denotes the stable ground states.

prepared experimentally. The trends of the formation en-
ergies of Type I alloys are mainly attributed to the ionic
radius mismatch and the obvious difference in electron af-
finity between Pb>" and Sn2+, Ge2+, Ca2+, and Sr*" cations.
Meanwhile, the close s, p orbital energies of Pb, Sn, and Ge
lead to strong band edge antibonding coupling, which re-
duces the total energy. Thus, Sn-alloyed and Ge-alloyed
perovskites show enhanced stability. For Type II alloys
(Figure 2(c)), the formation energies of cubic structures are
lower than that of hexagonal structures at low contents of 0-
0.125. With the increase in the content x, the total energy of
the hexagonal phase gradually increases, indicating that the
ground state structures of the alloys will have a more stable
hexagonal configuration in the concentration range of 0.125-
1. Figure 2(d) shows the variation of the formation energy for
x in the range of 0-0.5 for Type III alloys. Notably, Type III
alloys no longer exist in the cubic phase at higher contents.
The plot shows that the formation energies increase sig-
nificantly with the increase in the content x, indicating that
Ba, Zn, and Cu alloying will considerably reduce the stability
of cubic CsPbBr; perovskite.

2.3 Electronic properties

We selected two representative materials from each of the
three types of alloys and explored the effect of alloying on
their electronic properties. Here we show the electronic
structure changes at two concentrations, i.e., x = 0.125 and
0.5. Many previous experimental studies have demonstrated
that the maximum doping concentration of alloyed per-
ovskites can reach 50% or even higher [22,37,38]. Figure 3
shows the effective band structures of the six alloyed per-
ovskites with SOC effect under the Perdew-Burke-Ernzerhof
(PBE) functional. The partial density of states is given in
Figure S1. As shown in Figure 3(a) and (b), Sn and Ge alloys
retain the electronic band characteristics of cubic phase
CsPbBr; at contents of 0.125 and 0.5, showing a direct
bandgap at the R point. Cd and Mg alloys also show direct
bandgaps at x = 0.125 (Figure 3(c) and (d)). However, when x
= 0.5, the positions of CBM and VBM shift significantly
because of the transition from the cubic phase to the hex-
agonal phase. At the same time, the band structure shows flat
band edges, indicating a significant increase in the effective


https://doi.org/10.1007/s11433-022-2020-5

X. Wang, et al.  Sci. China-Phys. Mech. Astron.  March (2023) Vol.66 No.3 237311-5

1-x"x

Cs(Pb
(@) i

M,)Br,
[+

o 0.2
= Type |, Sn, Ge, Ca, Sr

. © sn,Ge Ca,Sr 0.1
Cd, Mg, Mn;
Ba, Zn, Cu L I—

OCS

E,(eV/.u)

-03}F Cd-cubic —il- Mg-cubic ~- Mn-cubic
- Cd- _._ lA= - M
-0.4 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
X

35

% -0}

u -02} {'\'\H—.*-\:\\-\'_\-
Rad Ge —m— Ca Sr
-0.4 L L L L L

E,(eV/.u)

Figure 2 (Color online) (a) Schematic representation of the crystal structure of the alloyed perovskites CsPb,_ M Br;. Calculated formation energies of

Type I (b), Type 1I (c), and Type III (d) alloys as a function of concentration.

masses of electrons and holes. Ba and Zn alloys show a direct
bandgap at the R point at low contents, as shown in
Figure 3(e) and (f), respectively. With the increase in the
content x, the lowest unoccupied energy level of
CsPb, sZn, sBr; splits, showing a transition from a direct
bandgap to an indirect bandgap.

We further explore the bandgap variation trend and the
underlying physical mechanism, as shown in Figure 4(a).
The bandgaps show a linear decrease (increase) for Sn and
Ge (Ba and Zn) alloys with cubic structure. Meanwhile, for
Cd and Mg alloys, the nonlinear change in the bandgaps was
caused by the cubic-to-hexagonal phase transition (as shown
in Figure S3). Specifically, the bandgaps of CsPb,_.SnBr;
decreased from the initial value of 0.70 eV (at x = 0) to
0.38 eV (x = 0.5), whereas the bandgaps of CsPb,_.Ge,Br;
remained unchanged (the bandgap of CsPb,sGe,sBr; is
0.69 eV). The bandgaps of Cd and Mg alloys increase ra-
pidly (up to 2.02 eV when the content x varies from 0 to 0.5).
Similarly, the bandgaps of Ba and Zn alloys increased sig-
nificantly, with values up to 1.2 and 0.7 eV, respectively.
Such a wide bandgap range is beneficial to the application of
CsPb,_M,Br; (M = Cd, Mg, Ba, Zn) alloy perovskite sys-
tems in various fields, such as solar cells, light-emitting
diodes, and radiation detectors.

Generally, decreasing the lattice constant results in an in-
crease in the overlap between B-site and X-site atomic or-
bitals in ABX; halide perovskites. Because of the strong

hybridization between B-site and X-site atomic orbitals, the
VBM raises higher in energy, leading to a decrease in the
bandgap. For the CsPb,_,Ge Br; alloy, the reduction in lattice
constant did not lead to a significant change in the bandgaps.
To explore the physical origin of bandgap variation, we
calculated the band alignment based on the average elec-
trostatic potential, which has been reported to be used in
perovskite alloy systems [39]. Figure S4 shows a nearly
uniform jump in the average electrostatic potentials around
the cores of atoms of the same kind, including Cs and Br.
Thus, it is reasonable to align the electronic energies of
different calculations by treating this uniform jump as the
offset between absolute reference energies. Meanwhile, band
alignment based on the deep energy levels (Cs-1s and Br-1s)
confirms the rationality of the average electrostatic potential
method. The band edge positions obtained by the two
methods are nearly the same, except for a slight difference in
the Ge and Zn alloys, as shown in Figure S5.

Figure 4(d) shows that both the CBM and VBM of Sn and
Ge alloys shift upward as the increase in alloying content.
The difference is that, for Sn alloys, the upshift of VBM is
significantly larger than that of CBM, which leads to the
reduction of the bandgaps of Sn alloys. However, the CBM
and VBM of the Ge alloy exhibit a small and similar upshift.
Thus, the bandgaps of Ge alloys do not change significantly.
From orbital hybridization, we determine that the VBM of
CsPb,_,Sn,Br; mainly comes from the antibonding states of
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Figure 3 (Color online) Unfolded electronic band structures of CsPb,_,M,Br; perovskites, M = Sn (a), Ge (b), Cd (c), Mg (d), Ba (e), and Zn (f), and x =

0.125 and 0.5.

Sn-5s and Br-4p orbitals, and the CBM is made of the an-
tibonding states of Sn-5p and Br-4p orbitals (Figure 4(b)).
Given that the Sn-5s (S5p) orbitals have higher energy than
the Pb-6s (6p) orbitals, the band edge of CsPb,_SnBr; is
pushed up with the increase in x. However, the energy dif-
ference between Sn-5s and Pb-6s orbitals is larger than that
between Sn-5p and Pb-6p orbitals, resulting in a faster in-
crease in VBM than CBM. Thus, the bandgap of
CsPb,_,Sn,Br; decreases with the increase in x. For Ge al-
loying, given that the energy difference between the s orbi-
tals of Ge and Pb is nearly equal to the energy difference
between their p orbitals, the upshifts of CBM and VBM are
the same. Thus, the bandgaps of Ge alloys remain un-
changed. Furthermore, for Cd, Mg, Ba, and Zn alloying, the
bandgap increase is due to the downshift of VBM and the
upshift of CBM. This Type-I-like band alignment is the re-
sult of the quantum confinement effects (Figure 4(c)). As the
content x increases, the [PbBr,] octahedra with small band-
gap gradually decrease and are surrounded by more [MBrg]
octahedra with large bandgap. Notably, Type-I-like band
alignment formed by matching the large-bandgap material
with the small-bandgap material will drive the photo-

generated excitons into the narrower-bandgap regions. Such
regions could become light-emitting centers with a high
photoluminescence quantum yield. Given that the bandgaps
of the alloys can be tuned significantly by varying the con-
centration x, the color of emitted light can be finely adjusted,
making a broadband emission profile.

Figure 5 shows the evaluation of the carrier effective
masses of the alloys. The effective masses of electrons have
the same increase trend as that of holes. Type I alloys (Sn/
Ge) have small effective masses (<0.2m,), Type III alloys
(Ba/Zn) have effective masses close to 1m,, and Type II
alloys (Cd/Mg) have large effective masses. Types I and III
alloys have 3D cubic structures, whereas Type II alloys have
1D hexagonal structures at the content x = 0.5. Because of the
discontinuous lattice structure and quantum confinement
effect, the orbital wave functions between B-site atoms in the
hexagonal phase have less orbital overlap in space and en-
ergy, resulting in a small band dispersion (as shown in the
right panel of Figure 3(c) and (d)). Flat band edge states
result in large electron/hole effective masses. Meanwhile, in
cubic phase alloys, particularly Sn and Ge alloys, the 3D
continuity of electronic dimensions is unbroken, thus, the
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effective masses less than 1m,.

effective masses are smaller. Our calculated direction-de-
pendent effective masses are given in Table S1, supporting
the aforementioned conclusions. For the hexagonal Cd and
Mg alloys at x = 0.5, the effective masses of electrons and
holes in different directions are generally larger than those of
the other cubic structure compounds.

The analysis of the band edge charge densities is helpful in
thoroughly understanding the orbital contribution of the band
edge states and the spatial distribution of charges. This will
further motivate researchers to apply the alloyed perovskites

to carrier-transport-based photovoltaic devices or self-trap-
ped exciton-based light-emitting devices. Figure 6 shows the
partial charge distribution patterns of the three types of al-
loys, namely, Sn, Cd, and Ba. The VBM of Sn alloys is
mainly contributed by the Sn-5s and Br-4p orbitals, with a
minor contribution from the Pb-6s orbitals. Pb-6p orbitals
dominate the CBM with additional contributions from Sn-5p
orbitals. As the content x increases, the band edge charge
distribution of Sn alloys does not change significantly, as
shown in Figure 6(a). The 3D connectivity of the electronic
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Figure 6 (Color online) Calculated partial charge distribution patterns of band edge states for the alloyed perovskites CsPb,_.M,Br;, M = Sn (a), Cd (b), Ba
(c). The SOC effect is included in the calculations. The isosurface level was set at 107 e/A%,

dimension ensures that the Sn alloy has a small effective
carrier mass. For the Cd and Ba alloys, the atomic orbitals of
Cd and Ba hardly contribute to the band edges. At VBM,
electrons are mainly concentrated around Pb and Br, whereas
at CBM, electrons are distributed around the Pb atoms,
forming a local potential-well-like structure. Meanwhile, the
local potential well becomes more localized with the de-
crease in Pb concentration. This structure resembles a con-
ventional 2D perovskite-quantum-well structure with large
exciton binding energy and high quantum yield [40-42]. At
the same time, the bandgap values can be tuned by varying
the concentration, which further changes the luminescence
characteristics of alloyed perovskites. Notably, the SOC ef-
fect may split the conduction band edge and induce a change
in the Pb orbital wavefunction. Thus, the shape of the elec-
tron cloud at the Pb-p orbital-dominated CBM after con-
sidering the SOC effect is different from that of the PBE
results (as shown in Figure S6).

3 Conclusions

In this work, we explore the effect of B-site alloying on
reducing Pb toxicity, improving stability, and tuning the
optoelectronic properties of Pb-containing perovskite by
considering ten experimentally common alloying elements.
The results obtained using CE methods combined with high-
throughput calculations indicate that the weak bonding of
perovskite B-site ions leads to the formation enthalpies of the
investigated B-site alloys near the decomposition line. Thus,
these alloys will exist as disordered solid solutions at room
temperature. For stability, on the one hand, the addition of
external elements can cause the stabilizing effect by opti-
mizing the tolerance factor and octahedral factor of halide
perovskites; on the other hand, the introduction of impurities

can cause the destabilizing effect of [PbBr,] octahedra in the
perovskite host lattices. This depends on the difference in
ionic radii and electron affinity between the alloying element
and Pb, requiring a delicate balance at the specific alloying
concentration. The close s, p orbital energies of Pb, Sn, and
Ge lead to strong band edge antibonding coupling, which
reduces the total energy of Sn and Ge alloys and enhances
perovskite stability with the addition of Sn and Ge. The
underlying physical mechanism for bandgap tuning by al-
loying can be attributed to the atomic orbital energy mis-
match or quantum confinement effect. This results in
significant differences and wide tunability in the bandgap
tuning of alloying with different elements. Moreover, com-
pared with Sn and Ge alloys without phase transition, Cd and
Mg alloys with cubic-to-hexagonal phase transition show
significantly increased electron/hole effective masses. This
can be attributed to the fact that the band edge orbital wa-
vefunction in the hexagonal structure does not have 3D
spatial continuity, thus, increasing the carrier effective
masses and decreasing the electrical transport capacity.
Notably, for the halide perovskite system, although a high
alloy ratio can significantly reduce the toxicity of Pb-con-
taining perovskites, a high alloying concentration may also
lead to severe distortion of the [MX,] octahedron because of
ionic radius mismatch. The experimental results show that
too high alloying ratio may not be conducive to the suc-
cessful entry of alloying elements to the perovskite lattice but
may instead lead to aggregation on the surface of the ex-
perimental sample or dissociation in the precursor solution
[43-46]. In our work, two specific concentrations, x = 0.125
or 0.50, were selected to analyze the effect of B-site alloying
on the electronic properties of halide perovskites. The si-
mulation of lower alloying concentrations requires building
larger superlattices, particularly for disordered systems,
which will undoubtedly cost more computational resources.
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The theoretical results of our work at moderate concentra-
tions can still yield accurate trends in thermodynamic sta-
bility and electronic structure as a function of concentration x
and provide theoretical guidance for further research and
development of alloy perovskites with good stability and
enhanced optoelectronic properties.
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