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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 cations in these 
perovskites gives rise to pronounced cur-
vature in both valence and conduction 
band edges through considerable anti-
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 
band-edge transition.[21,24,25] While for the purely Sb3+- and 
Bi3+-based perovskites, they show enhanced air-stability but 

To eliminate the toxic Pb2+ cation in hybrid halide perovskites, M′3+ cations of 
Bi/Sb-based layered halide perovskites are being increasingly investigated for 
optoelectronic applications. However, such M′3+ trivalent cations constrain 
the face-sharing bioctahedral or the bi-layered perovskites required to meet 
the charge neutrality condition. This usually gives rise to oversized indirect 
bandgaps and inferior carrier transport. Recent experiment suggested a 
mixed-cation tri-layered halide perovskite can be obtained by sandwiching a 
[Cu2+X6]4− layer between Sb3+ perovskite bilayers along the polar [111] planes 
with cation ordering. A material design of mixed-cation <111>-oriented tri-
layered Pb-free halide perovskite A4MM′2X12 is studied by a computational 
screening of various combinations of M2+ cations (e.g., Zn2+, Sn2+) and M′3+ 
cations (e.g., Bi3+, Sb3+). The thermodynamic stability of the candidate mate-
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ways and a series of stable compounds is synthesized. These results further 
indicate the chemical trend of electronic structure and how octahedral tilting 
coupling with charge ordering affects electronic properties. A protocol for 
engineering A4MM′2X12 perovskites with optimized structures and electronic 
properties by exploiting octahedral tilting coupling with charge ordering in the 
polar <111> layered perovskites is established.
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Materials by Design

1. Introduction

Halide perovskites with general formula AMX3 (A is mono-
valent alkali or organic cation, M is divalent group IV metal-
loid Pb2+ or Sn2+, and X represents halide anion Cl−, Br−, or I−)  
have attracted enormous attention for various optoelectronic 
applications over the last few years owing to their flexibly tun-
able bandgap, high efficient photoluminescence yield, narrow 
emission line width, as well as superior charge carrier trans-
port properties.[1–4] Taking solar cell as an instance, hitherto, 
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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-
tices and slices along the [111] planes from the bulk phase.[26,28] 
As a consequence, it has limited to form M3+ bilayer A3M2X9 
(n = 2) due to the fractional averaged valence state of 2 + 2/n for 
M cation. Further developing these quasi-2D Sb-/Bi-based deri-
vate halide perovskites requires mixed valence of cations in a 
structural formula of An+1Mn–2M′2X3n+3 to resolve above charge 
balance requirements.[1,29]

A recent study on tri-layered mixed-cation halide perovskite 
provides a feasible demonstration of the above strategy by 
sandwiching a single [MX6]4− layer with M2+ = Cu2+ between 
the <111>-layered A3M′2X9 phase perovskite (with M′3+ = Sb3+, 
C2/M structure in Figure 1a).[30] Compared with the bilayer 
A3M′2X9 phase perovskite with wide bandgaps in the range of 
1.89–2.06 eV, the Cs4CuSb2Cl12 exhibits a direct bandgap of 
1.0 eV and excellent photo and thermal stability, thus intriguing 
further exploration of tri-layered perovskites by equivalent sub-
stitution of 2+ cations. In principle, the target cation replace-
ment of Cu2+ should be stable and have good orbital overlap 

with the [SbCl6]3− octahedrons.[31] Tang et al., thus, have taken 
first-principles calculation to study the quasi-2D Sb3+-based 
derivate halide perovskites of Cs3+nM(II)nSb2X9+3n (M = Sn2+, 
Ge2+) system using n-layer Cs(Sn/Ge)I3 artificially inserted to 
the Cs3Sb2I9.[29] In the same way, Huang and co-workers have 
further searched the new series of A4MM′2X12 compounds with 
A = Cs+, M = group IIA (Mg2+/Ca2+/Sr2+)/group IIB (Zn2+/
Cd2+)/group IVA (Sn2+), M′3+ = Sb3+/In3+/Bi3+, and XVII = Cl−/
Br−/I− as used for p-type transparent conductors.[32] However, 
both of these studies directly use the structural skeleton (C2/M) 
proposed experimentally for Cs4CuSb2Cl12 and choose limited 
reaction pathways to evaluate the stability of a hypothetical 
compound.[29,32] This would beg the questions whether the 
adopted C2/M skeleton is the lowest ground-state phase, and 
the stability analysis of a given compound with respect to a few 
selective decomposition pathways completely reflects the real-
istic experimental condition.

Apart from those proofs for prediction of the new layered 
halide crystals, another critical issue concerns the perovskites 
undergoing structural phase transitions associated with 
octahedral tilting.[33,34] Along with the changes of the lattice 
parameters, the phase transition was associated with the in-
phase or out-of-phase tilting of the octahedron in consecutive 
layers. These layered A4MM′2X12 perovskites are B-site vacancy 
ordering structures which can be treated as a subgroup of the 
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Figure 1. a) Hypothetical skeleton structures for A4MM′2X12 perovskites. b) The relative energy of hypothetical skeleton structures in comparison to 
the C2/M crystal structure. c) Relative energies of possible M2+/M3+ cations interdiffusion configurations (D1–D5) versus the ordered cations (OC) 
in Cs4SnSb2I12 perovskites. The C2/M unit cell contains two formal units and the lowest energy configuration is set to zero as the reference structure.
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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 = (Cl−, Br−, and I−). First, we have taken 
two steps to determine the ground-state structural scaffold and 
atomic configuration. Second, two filters (simple decomposi-
tion pathways and triangle phase diagram analysis) are taken 
to determine the thermodynamic stability of the compounds 
with respect to the competing phases. Considering the Rb+ 
with radius in-between the Cs+ and K+, we have the prelimi-
nary screening of the potential stable A4MM′2X12 compounds 
in 24 combinations for two types of ions (i.e., K+ and Cs+) on 
A site, then examine the qualified compounds for Rb-based 
A4MM′2X12 by analogy. After the stability screening steps, 
the optoelectronic properties of the qualified compounds are 
explored. We further identify the physical origin of tilting pref-
erence in the A4MM′2X12 perovskites. The tilting modes cor-
related to the indirect-to-direct bandgap transitions are finally 
discussed.

2. Computational Methods

First-principles calculations were performed on the basis of 
density functional theory (DFT) methods using the projector-
augmented wave (PAW) method, as implemented in the 
Vienna ab initio simulation package (VASP).[39,40] We described 
the long-range van der Waals interaction for the layered halide 
perovskites as implemented in the optimized exchange van 
der Waals functional B86b of Becke (optB86b-vdW).[41] The 
atomic positions were optimized using the conjugate gradient 
scheme until the maximum force on each atom was less than 
0.02 eV Å−1.[42] The electronic structures and other related prop-
erties were carefully tested to be converged with an energy 
cutoff of 520 eV for the plane wave basis and a k-spacing of 
0.125 Å−1 for the sampling of the Brillouin zone. The band 
structure calculations were compared with the effect of spin-
orbit coupling (SOC) as well as the Heyd–Scuseria–Ernzerhof 
(HSE06) hybrid functional.[43] The optical absorption spectra, 
the SOC effect, and the HSE bandgap corrections were taken 

into account to remedy the absorption spectra edges and the 
optical gaps. The effective masses were calculated by
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as implemented in BoltzTraP code, which solves the Boltzmann 
equation by a smoothed Fourier interpolating of bands.[44] The 
electronic structures and other related properties were carefully 
tested to be converged with an energy cutoff of 520 eV for the 
plane wave basis and a k-spacing of 0.125 Å−1 for the sampling 
of the Brillouin zone. More detailed validation of the computa-
tional approaches for the halide perovskite materials has been 
indicated in our previous comprehensive materials screening 
studies.[20,23,45] We also have tested the layered perovskite (e.g.,

3 1P m  Rb3Sb2Br9) with optimized lattice parameters (a = 7.741 
Å, c = 9.635Å), PBE bandgap (1.76 eV), and HSE06 bandgap 
(2.35 eV), which are in good agreement with the experimental 
values (a = 7.848 Å, c = 9.612 Å, and 2.48 eV).[17]

3. Results and Discussion

3.1. Thermodynamic Selection Filters for the Rational  
Design of Tri-Layered Halide Perovskites

We illustrate the principles of constructing a set of thermody-
namic filters that were applied to the tri-layer halide perovskites.

3.1.1. Selection of Ground State Scaffold Structure for A4MM′2X12

To figure out the lowest-energy scaffold for A4MM′2X12 as 
shown in Figure 1a, we used four types of halide structures: 
two types of structures were found in the Inorganic crystal 
structure database (ICSD),[46,47] i.e., K4Fe(II)Fe(III)2F12, (3C) 
and Cs4PdMn2F12, (V1-3), the third type is the experimen-
tally synthesized Cs4CuSb2Cl12 (C2/M), and the fourth type is 
derived structure from Cs3Sb2I9 (4H/4C). Considering the dif-
ferent atomic occupation and stacking periodicity, we have com-
pared the total energy for Cs4SnSb2I12 in 7 derivate structures. 
Figure 1b clearly indicates that other 6 hypothetical skeletons 
are relatively higher than the C2/M structure. Especially, the 
vacancy ordered structures (from the Cs4PdMn2F12 structural 
prototype) show much higher energy (at least 0.25 eV f.u.−1) 
than the C2/M structure. It should be noted that the 3C struc-
ture (from the K4Fe3F12 crystal) has nearly equal energy as the 
C2/M crystal due to the almost identical chemical coordina-
tion between them. The 4C crystal is one-third of the 3C struc-
ture along the z-direction and only exhibits different interlayer 
octahedral stacking and sliding periodicity. As a consequence, 
the 4H and 4C structures are 0.22 and 0.32 eV f.u.−1 higher 
than the C2/M, implying the unfavorable interlayer stacking 
between the octahedral layers in those structures. Therefore, we 
finally choose the C2/M scaffold for A4MM′2X12 in the subse-
quent study.

We further examined the relative energy of cation interdiffu-
sion configurations (M2+/M3+) versus the cation ordered struc-
ture with a sandwiched Sn2+ layer. As shown in Figure 1c, the 
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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 and the 
A3M′2X9 compounds and then help us to exclude the unstable  

candidates. When the A3M′2X9 structures do not exist in ICSD, 
the relevant hypothetical dimer and layered phases are con-
structed by replacing the target elements from the Cs3Sb2I9 
structural prototypes (both dimer and layered have reported) and 
then relax them to the local energy minima. The positive decom-
position enthalpy, for example, ΔH (A4MM′2X12) = E(AX) +  
E(MX2) + E(A3M′2X9) − E(A4MM′2X12), means the compound is 
stable with respect to corresponding decomposition pathway (b).  
As depicted in Figure 2, we can separate the compounds into 
the following four categories by the stability character:

1) The red bars are lower energy than the blue and green ones 
but all of them have positive values, e.g., K4SnSb2Cl12, K4SnS-
b2Br12, K4SnBi2Br12, K4ZnSb2Cl12, and K4ZnSb2Br12. These 
5 compounds have positive decomposition enthalpy for all 
pathways and all of them are more stable than the ternary 
dimer or layered K3M′2X9 phase, which also indicates that the 
hypothetical competing A3M′2X9 phase is unstable. There-
fore, more stable ternary competing phases should further 
take into consideration.

2) The red bars have negative values and lower than the blue 
and green bars, e.g., K4SnSb2I12, K4SnBi2I12, K4ZnSb2I12, 
K4ZnBi2Br12, and K4ZnBi2I12. The negative enthalpy indi-
cates that these K-based compounds (especially for the iodine 
compounds) are unstable. This is also reasonable that small 
cation of K+ is incompatible to the large I− ionic frameworks. 
Thus, we exclude these compounds at this step.

3) The red bars are higher than the blue and green bars and all 
of them have positive values, e.g., K4SnBi2Cl12, K4ZnBi2Cl12, 
Cs4SnSb2Cl12, Cs4SnSb2I12, Cs4SnSb2Br12, Cs4SnBi2Cl12, 
and Cs4SnBi2Br12. These 7 compounds are stable against the 
above three pathways, but the A3M′2X9 phases are also stable 
compounds. Therefore, these compounds still need to ana-
lyze more competing pathways.

4) The blue or green bars have negative values, e.g.,  
Cs4SnBi2I12, Cs4ZnSb2Cl12, Cs4ZnSb2Br12, Cs4ZnSb2I12,  
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Figure 2. Decomposition enthalpies of A4MM′2X12 with respect to 3 simple decomposition pathways. The red, blue, and green bars represent the 
decomposition reactions along the (a), (b), and (c) pathways, respectively.
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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 
changing from Cl, Br to I. These chemical trends are in agree-
ment with other halide perovskites due to the decreasing ionic 
bonding strength.[48] We can see that K- and Cs-based chlo-
rides and bromides (i.e., A4SnSb2X12, A4SnBi2X12, A4ZnSb2X12, 
A4ZnBi2X12, A = K+, Cs+, X = Cl−, Br−) have positive or near to 
zero decomposition enthalpies with respect to (a–c) decomposi-
tion pathways. It implies that these K- and Cs-based chlorides 
and bromides are stable with respect to these three decom-
position pathways. While for the K-based iodides, all of them 
are unstable due to the large negative decomposition enthalpy 
against its binary halide compounds. There still remain 12 
stable compounds (including 6 chlorides: K4SnSb2Cl12, K4Sn-
Bi2Cl12, K4ZnSb2Cl12, K4ZnBi2Cl12, Cs4SnSb2Cl12, and Cs4Sn-
Bi2Cl12; 5 bromides: K4SnSb2Br12, K4SnBi2Br12, K4ZnSb2Br12, 
Cs4SnSb2Br12, and Cs4SnBi2Br12, and 1 iodide: Cs4SnSb2I12) 
with positive ΔH refer to above three decomposition pathways 
(a–c). In the next section, we employ the triangle analysis (i.e., 
considering more competing phases) to determine the thermo-
dynamic stabilities of the selected 12 candidates.

B.2 Triangle Analysis with More Competing Phases: Under the 
thermodynamic equilibrium conditions, the chemical potential 
of each element in a thermodynamic stable hypothetical com-
pound should be lower than it to form any possible competing 
phases.[49] Thus, to rule out all possible competing decomposi-
tion channels, the following equality and a set of inequalities 
need to be satisfied simultaneously

A MM X 4 A 2 M M 12 X4 2 12µ µ µ µ µ= + + +′ ′  (2)

0, A, M, M, X0I I Iµ µ µ∆ = − ≤ = ′  (3)

4 A 2 M M 12 X= H (A MM X )f 4 2 12µ µ µ µ∆ + ∆ + ∆ + ∆ ∆′ ′  (4)

( ) A+ ( ) M ( ) M

( ) X H (A M M X ), 1, ,f ( ) ( ) ( ) ( )

n i m i p i

q i i Zn i m i p i q i

µ µ µ
µ

∆ ∆ + ∆
+ ∆ ≤ ∆ = …

′

′  (5)

where ΔμI is the chemical potential of element I vary from the 
standard phase of the element with zero-point energy as μ0, 
ΔHfis the formation enthalpy, and n(i), m(i), p(i), q(i), are the 
stoichiometries for each competing phase. Controlling the spe-
cial potential bias, each competing phase cuts off a part of the 
plane in the reduced dimensional potential space. If a part of 
the chemical potential region is left after considering all com-
peting phases, then this candidate compound should be stable 
against all possible decomposition channels under the thermo-
dynamic equilibrium conditions.

To construct the competing phases for triangle analysis, we 
considered known elemental, binary, and ternary competing 
phases with the structures taken from the ICSD. Importantly, 
we have constructed the possible ternary competing phases 
(A2M′X5, A3M′X6, A3M′2X9, A2MX6, AM2X5, and AMX3, which 

not included in the ICSD) by ionic transmutation with its isova-
lent compounds in ICSD to make sure that all candidate com-
pounds can resist all possible competing phases.[49,50] This extra 
filter using hypothetical ternary compounds to strengthen the 
screening of stability would help to avoid false positive predic-
tions, though it would shrink the stability region. These pre-
sumed compounds may not emerge as the real competing 
phases during the growth with controlled chemical potential, 
but they can provide auxiliary evidence to the reliable prediction 
of new stable compounds.

We used these competing phases for phase stability analysis 
over 12 primary screened structures from step B.1. Considering 
the Rb+ have size in-between the Cs+ and K+ cations, we also 
examined the qualified compounds for Rb-based A4MM′2X12 by 
analogy. After the phase diagram stability analysis, all of the Cs- 
and Zn-based compounds have excluded out and there remain six 
compounds containing a stable chemical potential region: K4Sn-
Bi2Cl12, K4SnSb2Cl12, K4SnSb2Br12, Rb4SnBi2Cl12, Rb4SnSb2Br12, 
and Rb4SnSb2Cl12. Therefore, these compounds may be synthe-
sized under controllable conditions. The detailed phase diagrams 
for the qualified stable compounds (see in Figure S1, Supporting 
Information) and the example of main competing phase variation 
with controlled chemical potential (see in Figure S2, Supporting 
Information) are discussed in the Supporting Information.

3.2. Optoelectronic Properties of the Stable A4MM′2X12 Perovskites

3.2.1. Electronic Structure

Before discussing the electronic properties of the screened new 
materials, we first examine the parameters computed for the 
well-known perovskite CsPbBr3 as partial validation of the cal-
culation method. In comparison to the experimentally reported 
gap value (2.25 eV), the calculated bandgaps by HSE functional, 
PBE functional, PBE+SOC, and HSE+SOC methods are 2.6, 
1.96, 0.99, and 1.65 eV, respectively (see in Table 1 and Table S1, 
Supporting Information). It indicates that the standard PBE 
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Table 1. Calculated bandgaps and effective masses of the band edges for 
6 stable A4MM′2X12. The HSE corrections on the PBE+SOC approaches 
enlarge the bandgaps by 0.53–0.67 eV, see details for PBE functional and 
PBE+SOC calculated bandgaps in Table S1 in the Supporting Informa-
tion. Note that the SOC effects can reduce the bandgap but give more 
accurate band edge.

HSE+SOC Bandgap values 
[eV]

Effective mass at band edges 
[m0]

Eg
d Eg

ind me* mh*

CsPbBr3
a) 1.65[2.25] − 0.79[0.23] 0.25[0.23]

K4SnSb2Cl12 2.67 2.63 0.95 0.95

K4SnBi2Cl12 2.59 2.54 0.81 1.71

K4SnSb2Br12 2.20 2.17 0.58 0.91

Rb4SnSb2Cl12 2.52 2.45 1.10 0.84

Rb4SnBi2Cl12 2.51 2.43 1.02 1.59

Rb4SnSb2Br12 2.10 2.07 0.68 0.84

a)Comparison of our computed and other experimental measured parameters  
(in the brackets) for the reference compound CsPbBr3.[55]
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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 
energy in X(p) orbitals from Br− to Cl−. The smaller ionic size 
and higher electronegative in Cl− increase the ionic contribu-
tion in the hybrid orbital splitting, thus decreasing the valence 
bands and increasing the splitting of bandgaps.[2,34,48]

3.2.2. The Carrier Effective Masses

The carrier effective masses contribute to their ambipolar con-
ductivity and diffusion length. Thus, we calculated the effective 

Adv. Electron. Mater. 2019, 5, 1900234

Figure 3. Calculated band structures with PBE functional including SOC effects. a–f) for Rb4SnBi2Cl12, Rb4SnSb2Cl12, Rb4SnSb2Br12, K4SnBi2Cl12, 
K4SnSb2Cl12, and K4SnSb2Br12, respectively. The minimal direct bandgap transition is indicated by the arrows and the CBM and VBM for the minimal 
indirect band transitions are indicated by the red dots. The indirect bandgap values Eg

ind are listed in the figures.
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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]

Adv. Electron. Mater. 2019, 5, 1900234

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]2− planes to com-
pensate the nearby M′3+ positive charges thus reduces the inter-
facial dipole between the M′3+ and M2+ atomic plane. As shown 
in the middle of Figure 7b, the [M′X6]3− octahedrons are slightly 
reclining while the [MX6]4− octahedron in the middle layer is 
erecting, which facilities the X− ions closer to the M′3+ atomic 
planes and departure from the middle M2+ atomic planes. Like-
wise, when the a−b−c0 tilting structures further invoked by M3

+ 
tilting (see the a−b−c+ tilting mode), the rotated X− ion increases 
the amplitudes of intermixing and accompanies a lattices con-
traction along the rotation plane. To demonstrate the tilting 
preference coupling with the ordered charge planes, we have 
compared the homologous structure with equal negative octa-
hedral rotation (−a−−b−c0) amplitude, as shown in Figure S3  
in the Supporting Information. Consequently, the opposite 
electrostatic interactions are expected due to the [M′X6]3- octa-
hedron undergoes erecting while the [MX6]4− octahedron is 
reclining. The X− ions are closer to the middle M2+ atomic 
planes and departure from the M′3+ atomic planes, thus leading 
to an energetic penalty from the enhanced dipole between M2+ 
and [AX3]2− atomic planes. To confirm our analysis, we have 

Adv. Electron. Mater. 2019, 5, 1900234

Figure 5. a,c) PBE+SOC calculated atomic orbital projected density of states (PDOS) for K4SnBi2Cl12 and Rb4SnSb2Br12, respectively. The discrete band 
edges contributed by different orbitals are highlighted by the red dashed rectangles. b,d) Schematically shown the orbital hybridization between metal 
cation and halide ion for the band edge states in K4SnBi2Cl12 and Rb4SnSb2Br12, respectively.
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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 analy sis 
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 
Figure S4 in the Supporting Information). For a0b0c0 layered 
structures, a higher electron density on the middle planes 
can be inferred from the extra electron transfer from the Sn2+ 

layer. While in the −a−−b−c0 tilting mode, 
the Br− ions are more close to the middle 
Sn2+ atomic plane yields a higher electron 
density in the middle layer, thereby further 
increasing the surface dipole shift.[60] On the 
contrary, it suggests that the potential energy 
on the surface [RbBr3]2− layers are much 
lower than the middle layers in a−b−c0 and 
a−b−c+ tilting modes for the ions changing 
close to the Sb3+ atomic planes. The relieved 
surface dipole shift is in accordance with the 
charge compensation by the Br− ions closer 
to the Sb3+ atomic planes.

3.4. Effects of Tilting on the Electronic 
Properties

Electronic properties of inorganic halide 
perovskites are closely correlated to the octa-
hedral tilting due to the associated bonding 
angle changes.[34,53] We here demonstrate 
that a certain cooperative structural distortion 

to the layered A4MM′2X12 perovskites can systematically tune 
the electronic band structure including the bandgaps and band 
dispersions. For instance, the band structures of K4SnSb2Br12 
have changed remarkably in different tilt modes. As plotted in 
Figure 8a,b, the R4

+  tilting changing from a0b0c0 to a−b−c0 mode 
can stabilize the Sn(5s)-Br(4p) antibonding orbitals for valence 
band edges, but that destabilize the Sn(5p)-Br(4p)-Sb(5p) anti-
bonding states in the conduction bands. Consequently, the 
bandgap increases and the band dispersion diminishes when 
bending of linear apical Sn–Br–Sb bonding away from its 
maximal antibonding overlapping.

Further, the a−b−c+ tilting requires an additional out-
of-plane component to bend the equator Sn–Br–Sb bond 
angles. This would lower the symmetry of the lattice 
even more and increase the Br(s/p) orbital hybridization, 
resulting in an enhanced antibonding between the equatorial 
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Figure 6. Structural models illustration for the typical Glazer notation in CsSnBr3 halide perov-
skites under different tilting mode.

Figure 7. a) Schematics that depict the electrostatic energy reduction from the dipole compensation across the charged atomic plane in layered 
A4MM′2X12 perovskites by octahedral tilting and their favorable tilting modes are shown in b). c) The comparison of plane averaged electrostatic 
potential for the Rb4SnSb2Br12 in different tilt modes.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900234 (10 of 12)

www.advelectronicmat.de

Adv. Electron. Mater. 2019, 5, 1900234

Sb(p)-Br(s/p) hybrid orbitals. Interestingly, the increased 
equatorial bonding intrigues the indirect-to-direct band 
transition due to the more upshift conduction band edge at 
G than Z point, see in Figure 8c. Note that the perovskites 
with indirect bandgap features are known to be beneficial for 
carrier recombination rates in optical absorbers, while the 
direct bandgaps would be a good attribute for light emission 
applications.[2,61–63] Considering the strong direct gap optical 
transition and their bandgaps are in the visible light range  
(2.1–2.7 eV), the perovskites promise for high sensitivity 
detectors and efficient light-emitting diodes (LEDs) applica-
tions.[64–66] The semiconductor detectors with large energy gaps  
(1.6–3.0 eV) can reduce the dark current noise from ther-
mally activated carrier hopping.[55] Additionally, the 2D 
layered structure in these perovskites provides a spatial lim-
itation on the diffusion length of excitons and reduces the 
possibility of exciton dissociation into free carriers, and are, 
therefore, thought to be suitable for application as the light 
emissive layer in LEDs.[64] These tilting modes couple with 
the electronic bands to give a versatile approach to tune the 
optoelectronic properties of the layered perovskites. To show 
the subtle variation, we plot the conduction band electron 
charge density contours at G (left) and Z (right) points under 
different tilting mode. As the electron charge density contour 
is shown in Figure 8d,e, the a−b−c0 tilting mode exhibits more 
intense Sn(5p)-Br(4p)-Sb(5p) antibonding repulsion along 
the apical direction at Z point due to the in-plane bending 
of linear apical Sn–Br–Sb bonds. However, the a−b−c+ tilting 
significant diminishes the apical Sn–Br–Sb orbital interac-
tions but intensify antibonding between the equatorial Sb(p)-
Br(s/p)-Sn(p) hybrid orbitals extending in the y-direction at 
G point.

4. Conclusion

We take mixed cations of M2+ (Zn2+ and Sn2+) plus M′3+ (Bi3+ 
and Sb3+) to explore the novel <111>-oriented tri-layered halide 
perovskites by computational screening the possible ion combi-
nations in the target A4MM′2X12. We have determined the lowest 
ground state with (C2/m) scaffolds and cation ordered atomic 
configurations, then take two filters to determine the thermo-
dynamic stability of the compounds. After the thermodynamic 
filters, 6 stable compounds were obtained, i.e., K4SnBi2Cl12, 
K4SnSb2Cl12, K4SnSb2Br12, Rb4SnBi2Cl12, Rb4SnSb2Br12, and 
Rb4SnSb2Cl12. These 6 compounds have indirect band tran-
sition (2.1–2.7 eV) from G to Z point. The energy difference 
between direct and indirect bandgaps in these compounds is 
very small (0.02–0.12 eV). Additionally, it clearly shows the 
chemical trend that the bandgap values increase with changing 
the large ionic radius to smaller ones for A4SnM′2X12. This is 
because the smaller K+ cation induces larger bond angle distor-
tions in the [SnX6]4− octahedrons, which destabilizes the antibo-
nding from X(s/p) hybridization with the Sn(5p) orbitals while 
stabilizes it with the Sn(5s) orbitals, thus elevating the CBM 
and reducing the VBM. We further identify the physical origin 
of tilting preference in the layered Rb- and K-based A4MM′2X12 
compounds by an electrostatic model. These tilting modes cor-
relate to the electronic bands and give a versatile approach to 
tune the electronic properties of the layered perovskites, such 
as the increased bandgaps and indirect-to-direct bandgap tran-
sitions. Apart from the inorganic cation mixing, it is intui-
tively to envision hybrid bulky cations as methylammonium 
or formamidinium in the A site of A4MM′2X12 to stabilize the 
iodine-based perovskites. Though it might be difficult to direct 
synthesis the <111>-orientated layered hybrid perovskites with 

Figure 8. a–c) PBE+SOC calculated band structures for the K4SnSb2Br12 in different tilt modes. d,e) Represent the conduction band edge charge density 
contours (with isosurface of 2.5 × 10−4) at G (left) and Z (right) points for b) a−b−c0 and c) a−b−c+ tilting mode, respectively. The blue dashed regions 
highlight the intense antibonding orbital interactions.
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single organic cation occupied on the A-site due to the large tol-
erance factors.[67] Nevertheless, it is still possible to stabilize the 
mixed organic–inorganic cations by entropy or structural com-
pensation for postsynthesis modification of perovskites as the 
partial experimental evidence of these compositions.[13] Thus 
we are confident in these new mixed-cation perovskites to be 
synthesized by the developing technics such as sequential dep-
osition, cation intercalation, or exchange reaction.
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