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the recorded photovoltaic (PV) efficiency 
is over 23% in the laboratory.[1,4–6] Such 
merits for high-performance optoelec-
tronics are governed by their unique 
electronic structure features, which can 
mainly be attributed to the ns2 lone-pair 
electrons of Pb2+ and Sn2+ cations.[7,8] 
The presence of ns2

-
bonding hybridization with the halide 
anions. This facilitates the formation of 
the shallow defect states to induce car-
riers, balanced and low electron and hole 
effective masses for efficient charge trans-
port and carrier extraction.

[8,9] Addition-
ally, the enhanced Born effective charges 
(relative to nominal ionic charges) and 
large static dielectric constant contribute 
to screening charged defects and impuri-
ties, thereby suppressing carrier scattering 
and trapping.[7,10] Despite the progress 
achieved in halide perovskites for opto-
electronic applications, the poor long-term 
material and device stability under normal 

operation condition impedes their commercialization,[4,11,12] 
though protecting active perovskite layers,[4,6,9] mixing organic 
and inorganic A site ions,[13,14] and exploiting low-dimensional 
counterparts have shown enhanced stability.[14–16] More impor-
tantly, at this stage it is not clear whether the toxic issue of Pb2+ 
ions would hinder the practical device application of halide 
perovskites.

In this regard, eco-friendly Bi3+- and Sb3+-based perov-
skites with the similar ns2 electron configuration as Pb2+ have 
attracted significant research interest.[17–19] Within the three-
dimensional (3D) perovskite framework formed by corner-
sharing octahedral motifs, lead-free double halide perovskites 
have been proposed by hetero-substituting Pb2+ with the cation 
pair of monovalent metal (e.g., Na+, Ag+) and trivalent metal 
(e.g., Sb3+, Bi3+, and In3+) by exploiting the cation transmutation 
principle in conventional tetrahedral semiconductors.[20–23] It is 
worth noting that the predicted inorganic double perovskites, 
such as Cs2AgBiCl6, Cs2AgBiBr6, Cs2AgInCl6, have been experi-
mentally proved more stable against decomposition under 
humidity and light emission.[21,22,24] However, these quater-
nary double perovskites exhibit weak light emission/absorption 
because of the indirect bandgap feature or the parity-forbidden 
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the charge neutrality condition constrains the ability to form 
a 3D corner- sharing perovskites structure.[17,18,26] Instead, it 
forms compounds with 0D isolated dimmer structure (with 
face-fused bi-octahedron) or 2D layered structure (with corner-
sharing octahedron).[17,18,26,27] Generally, the low-dimensional 
derived M3+ halide makes a framework with the unit formula of 
An+1MnX3n+3 being stabilized by stoichiometric cationic sublat-
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parent ABX3 perovskites.[35] However, it involves more com-
plexity due to the layered charge order and its discontinuity 
along the [111] direction. In comparison with the tilting equiv-
alents in the parent cubic symmetry groups, the B-site cation 
order along the [111] direction makes the R4

+ octahedral tilting 
to distinguishing between a positive (a−a−c0) and a negative 
rotation (−a−−a−c0) along the [110] direction.[35] These different 
type of distortion correlates with the redistribution of the ion 
charge and bonding angles, which affect the electronic proper-
ties and structural stability.[33,36–38] Thus, the mixed-cation in 
the layered perovskite provides a living example to explore the 
coupling between the structural charge order and the octahe-
dral tilting preferences in A4MM′2X12 structure prototype.

Here we take a systematic screening procedure to explore 
the stability and optoelectronic property of the candidate 
A4MM′2X12 compounds. Based on the above discussion, the 
Sn2+ and Zn2+ are intuitively the preferable cations due to 
their nearby element position with Sb3+ and Cu2+ in the peri-
odic table, respectively. We, thus, extend precise screening 
steps and filters to study the possible ion combinations in 
A4MM′2X12 halide compound with different cations for A = (K+ 
and Cs+), M = (Zn2+ and Sn2+), M′= (Bi3+ and Sb3+), and three 
types of ions for X =
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relative energy in the other 5 Sn–Sb exchanged configuration 
(D1–D5) is at least 0.07  eV f.u.−1 higher than the reference 
structure (OC). Thus, we choose the tri-layered cation ordered 
perovskite as the tentative structure for A4MM′2X12. After the  
structure optimization, we find that all of the K-based perovskites 
only adopt octahedral tilting configurations (a−b−c0 in Glazer’s 
notation) while the Cs-based structures can adopt both original 
flat (a0b0c0) and slightly tilting (a−b−c0) structures. The total ener-
gies in those tilting configurations are lower energy than the flat 
layered structures. Thus, we take the tilting octahedron (a−b−c0) 
configuration in further thermodynamic stability analysis.

3.1.2. Thermodynamically Stabilities Analysis

After establishing the ground-state structure for the com-
pounds in step A, we next enquire which decorations are stable 
with respect to the decomposition to competing phases. For 
efficient screening of stable materials, we have used the two 
filters in step B. In step B.1, we considered 3 simplified decom-
position pathways, then in step B.2, we considered all possible 
competing pathways through triangle analysis.

B.1 Simplified Decomposition Trends for the Thermodynamic 
Stability: In step B.1, we have considered three decomposition 
pathways:

a)	 Decompose into binaries halides: A4MM′2X12  → 4AX + 
MX2 + 2M′X3 (red bars);

b)	 Decompose into binaries and ternary dimer A3M′2X9: 
A4MM′2X12 → AX + MX2 + A3M′2X9 (blue bars);

c)	 Decompose into binaries and ternary layered A3M′2X9: 
A4MM′2X12 → AX + MX2 + A3M′2X9-L (green bars).

The comparisons of decomposition pathways can give a 
quantitative stability tendency for the A4MM′2X12
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Cs4ZnBi2Cl12, Cs4ZnBi2Br12, and Cs4ZnBi2I12. These com-
pounds can be excluded because they are unstable against 
the A3M′2X9 phase compounds.

The tendency of the enthalpies in Figure 2 shows that the sta-
bility for all combinations are decreasing when the halide ions 
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functional predicated bandgaps are even more close to the real 
values. Typically, the standard PBE functional severely under-
estimates the bandgaps for most wide bandgap semiconduc-
tors due to its unphysical self-Coulomb repulsion.[51] However, 
the spin-orbit coupling has a strong effect on the lead halide 
perovskites, reducing the bandgap by up to roughly 1.0  eV; 
thus these two effects have canceled each other in the standard 
PBE predictions.[3,52] For the heavier homologous element, 
Bi, with its more relatively contracted s-like states, we expect 
similar bandgap reduction; thus, the PBE functional would 
give a closer prediction. While the SOC effect on other Sn- and 
Sb-based perovskites was found to be weaker. As discussed in 
the Computational Methods section, the 2D layered Rb3Sb2Br9 
has measured gap of 2.48 eV and the PBE calculated bandgap 
of 1.76  eV, while HSE06 functional gives a closer prediction 
(2.35 eV), which implies a reliable method in the community. 
To get accurate bandgap prediction for the new compounds, 
we take the hybrid functional to correct the bandgap obtained 
by using PBE function with the SOC effects. The results are 
illustrated in Table 1 and Figure 3. All 6 compounds have quasi-
direct band edge transition from valence band maxima (VBM) 
at Z point to the conduction band minima (CBM) at G point 
because the energy difference between the direct and indirect 
bandgaps in these compounds is very small (0.02–0.12  eV). 
Therefore, the direct bandgap transitions for those compounds 

are within the range of visible light region (2.1–2.7 eV). From 
Figure  3 and Table  1, we can clearly see that the gap values 
increase with reducing the cation size from A = Rb+ to K+ for 
A4SnM′2X12. For example, Rb4SnBi2Cl12 and Rb4SnSb2Br12 
with bandgaps of 1.86 and 1.57 eV have increased to 1.92 and 
1.64 eV as for K4SnBi2Cl12 and K4SnSb2Br12, respectively. This 
is because the smaller K+ cation induces larger bond angle 
distortions in the [SnX6]4− octahedrons, which destabilizes 
the antibonding from X(s/p) hybridization with the Sn(5p) 
orbitals while stabilizes it with the Sn-s orbitals. Thus it ele-
vates the conduction band edges and reduces the valence band 
edges.[53,54] A similar chemical trend was observed in the halide 
ions, i.e., from Br− to Cl−, the bandgap increased from 1.57 eV 
in Rb4SnSb2Br12 to 1.64  eV in Rb4SnSb2Cl12. This bandgap 
reduction can be understood on the basis of decreasing the 
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masses of electrons and holes for the 6 stable compounds and 
listed them in Table 1. The testified effective masses (me* and 
mh*) of the carriers for CsPbBr3 are 0.79 and 0.25 m0, which 
are slightly higher than the experimental measured 0.23 m0 
for both holes and electrons at room temperature.[55] More 
often, the experimental measured physical parameters not 
only depend strongly on the crystal growth but also on other 
sample issues from the device fabrication.[52,54,56] Thus, it is 
generally seen that the theoretic calculations can marginally 
deviate from the measured values. As shown in Table  1, the 
masses of holes in all Bi-based compounds are slightly heavier 
than the Sb-based compounds. This trend is in agreement 
with the weak coupling between the Bi(6s) and Sn(5s) orbitals, 
which results in narrow energy band dispersions at the valence 
band edges.[17] Specifically, reducing the cation size from Rb+ 
to K+ makes the effective masses for electrons smaller while 
the holes become slightly heavier. This opposite carrier mass 
variation trend is in accord with the dispersion of band edges, 
which can be understood from the changing of hybridization 
between the orbital overlaps. For the larger bond angle distor-
tions in K-based perovskites, the antibonding orbitals between 
X(p) with M(s) for the valence states are stabilized while  
the interactions with the M(p) orbitals for the conduction bands 
are destabilized, thereby reducing of band curvature in the 
valence edges but increasing it in the conduction band edges.[3,53]

3.2.3. Optical Absorption Spectra

Figure 4 shows the calculated optical absorption spectra for the 
6 stable A4MM′2X12 by using PBE functional. It can be seen that 
these compounds exhibit strong absorption coefficient (above 
5 × 104 cm−1) and steep absorption onset. A sharp absorption 
threshold is contributed by the dipole-allowed optical transi-
tions with a high joint density of states (JDOS) near the band 
edges.[57] From a qualitative viewpoint, the optical transitions 
from (Sn(s) + X(p)) to Sb/Bi(p) orbitals are dipole allowed and 
the relatively flat bands near the band edge guarantee a high 
JDOS, thereby resulting in an abrupt absorption onset.[3,37,48] 

Though these ns2 electronic compounds with high absorption 
coefficients and rapid onsets, the absorption spectra for Rb4Sn-
Bi2Cl12 and K4SnBi2Cl12 exist a slight reduction in the energy 
range of 3.3–3.7 eV. It implies a relatively weak hybridization of 
the subvalence bands in these Bi-based perovskites.

3.2.4. Electronic States Decorated by Different 
Atomic Orbital Hybridization

The density of states (DOS) calculations can accurately repro-
duce the discrete orbital contributions. In general, strong 
hybridization–induced broadening electronic states in solids 
requires both spatial and energy overlap between their orbital 
wavefunctions.[2,3,58] Cations mixing breaks the translational 
and energetically connectivity of wavefunction to form dis-
crete bands.[58] As depicted by the red rectangle in Figure  5a, 
the conduction and valence band edges split into two separated 
peaks due to the incompatible orbital overlap between the Sn 
and Bi. From the atomic projected DOS, the conduction band 
edges in K4SnBi2Cl12 are dominated from the weak hybridi-
zation between Bi(6p) and Sn(5p) orbitals with Cl(3p), while 
the valence band edges are contributed by the separated Sn2+ 
(5s2) and Bi3+ (6s2). We further schematically depicted these 
orbital coupling between the metal cation and halide ion near 
the band edges in Figure  5b. While for the projected DOS in 
Rb4SnSb2Br12 (see in Figure 5c,d), the band edges state exhibit 
more dispersive contributions from both Sb and Sn, which 
implies a broadening of the orbital overlap between their 5s and 
5p orbitals. One possible interpretation for the week hybridiza-
tion in Bi-based compounds is attributed to the contraction of 
Bi 6s and 6p orbitals by the relativistic effects, thus reducing the 
reactivity of shell electrons in comparison to the Sb-based com-
pounds.[17] Thus, the Sb-based perovskites show more broad 
orbital interactions for the band edges (see in Figure 5c,d).

3.3. Origin of Octahedral Tilting Preference  
in A4MM′2X12 Perovskites

The cubic ABX3 perovskite structure is usually only observed 
at high temperature, while a group of lower symmetry phases 
emerges at lower temperatures.[33] The associated new phases 
are driven by a range of symmetry breaking induced lattice 
tilting from the cubic phase.[34,36] The relative stability of an 
inorganic halide perovskite tilting correlates with the volume 
decrease and the A-site displacement. For example, the proto-
typical halide perovskite CsSnBr3 undergoes tilting phase tran-
sition sequence from high symmetry cubic α phase (a0a0a0) to 
the low symmetry tetragonal β phase (a0a0c+) and then to the 
orthorhombic γ phase (a−a−c+) with gradually decreasing tem-
peratures.[36] As illustrated in Figure 6, two basic tilting modes 
induced phase transition accompanied octahedron rotation 
were denoted as M3

+ and R4
+. The former is associated with the 

in-phase tilting of the octahedron in successive layers where 
every octahedron along the axis rotates in the same direction 
by the same amplitude, while the latter is corresponding to the 
out of phase tilting where the rotation changes sign for each 
octahedron along the rotation axis.[35,36]
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Figure 4.  a) Calculated spectrum of the optical absorption of the 6 stable 
A4MM′2X12 compounds.
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The layered A4MM′2X12 perovskite is a B-site cation ordering 
structure which can be treated as a subgroup of the parent 
ABX3 perovskites. Similar tilting modes can be used to enu-
merate the cation ordered layered structures, i.e., the M3

+ and 
R4

+ octahedral tilting mode in A4MM′2X12 perovskites. How-
ever, it involves more complexity due to the layered charge 
ordering and its discontinuity along the [111] direction. In most 
cases, there exist tilting equivalents due to the cubic symmetry 
of the parent group, but the B-site cation order along the [111] 
direction makes the 4R+  octahedral tilting to distinguishing 
between a positive(a−b−c0) and a negative rotation (–a−–b−c0) 
along the [110] axis.[34,35] The manifested octahedral tilting 
(a−b−c0) in the relaxed Rb- and K-based A4MM′2X12 perovskites 
begs further explaining of the physical origin of this tilting pref-
erence during the structure stabilization from the flat layered 
structures (a0b0c0).

We illustrate the imposed electrostatic energy from the 
charge order coupling with the structure distortion by a simple 
model. As schematically shown in Figure 7a, the <111>-orien-
tated tri-layered halide perovskite exhibits positive or negative 
net charges at each atomic plane, and the interfacial dipoles 
between them give rise to an internal electric field E.[59,60] We 
employ a series of Gaussian surface between the polar atomic 
planes rising an alternative electric field profile (−2, +1, −1, 
+1, −1, +2) and finally become converged when across the 
7 atomic planes due to the charge neutral of tri-layered perov-
skites. Thus, upon crossing the first negatively charged plane 
the potential gradient becomes negative (−2), and then become 

reversed (+1) after crossing the second positively charged plane. 
Consequently, the electrostatic potential ϕ undergoes a dipole 
shift from the first atomic plane in combined with the sym-
metric oscillation component.[60]

The octahedron tilting involves ion displacement from the 
flat atomic planes, thereby influencing electrostatic interactions 
from the charge redistribution.[34,36] The R4

+ octahedral tilting 
(a−b−c0) has X− ions departure from the [AX3]a
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compared the relative energy in Rb4SnSb2Br12 with different tilt 
modes, which shows consistent structural stability in the order 
of −a−−b−c0 < a0b0c0 < a−b−c0 < a−b−c+.

Further evidence to support the above electrostatic analysis 
can be understood from the plane averaged electrostatic poten-
tial. As compared in Figure 7c, the intense oscillation of poten-
tial energy in the Rb4SnSb2Br12 (a0b0c0) become smoother 
in other three tilting structures due to the dipole reduction 
from the charged planes by ions intermixing. Particularly, 
in the −a−−b−c0 and a0b0c0 tilting modes, the potential energy 
in the middle [RbBr3]2− atomic planes are lower than that on 
the surface. This is consistent with a higher electron density 
at the middle atomic planes (see the black and blue arrows in 
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