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ABSTRACT
Lead-halide perovskites have attracted much attention over the past decade, while two main issues, i.e., the lead-induced toxicity and mate-
rials’ instability, limit their further practice in widespread applications. To overcome these limitations, an effective alternative is to design
lead-free perovskite materials with the substitution of two divalent lead ions with a pair of monovalent and trivalent metal ions. How-
ever, fundamental physics and chemistry about how tuning material’s composition affects the crystal phase, electronic band structures,
and optoelectronic properties of the material have yet to be fully understood. In this work, we conducted a series of density functional
theory calculations to explore the mechanism that how various monovalent metal ions influence the crystal and electronic structures of lead-
free Cs2MBiCl6 perovskites. We found that the Cs2MBiCl6 (M = Ag, Cu, and Na) perovskites preferred a cubic double perovskite phase
with low carrier effective masses, while the Cs2MBiCl6 (M = K, Rb, and Cs) perovskites favored a monoclinic phase with relatively high
carrier effective masses. The different crystal phase preferences were attributed to the different radii of monovalent metal cations and the
orbital hybridization between the metal and Cl ions. The calculation showed that all Cs2MBiCl6 perovskites studied here exhibited indirect
bandgaps. Smaller bandgap energies for the perovskites with a cubic phase were calculated than those of the monoclinic phase counter-
parts. Charge density difference calculation and electron localization functional analysis were also conducted and revealed that the carrier
mobility can be improved via changing the characteristics of metal-halide bonds through compositional and, thus, crystal structure tun-
ing. Our study shown here sheds light on the future design and fabrication of various lead-free perovskite materials for optoelectronic
applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021238., s

I. INTRODUCTION

Inorganic lead halide perovskites have been extensively stud-
ied over the last decade due to their unique optoelectronic proper-
ties.1–10 Despite many of their superior merits, the toxicity induced
by the involvement of the lead element and the instability of mate-
rials under ambient conditions are the two main obstacles for
lead halide perovskites, largely hindering their real-world prac-
tice in widespread applications.11–13 To this extent, developing

lead-free perovskite materials represents a feasible and effective
means to overcome these drawbacks.2,12,14–19 One of the most
promising strategies to access lead-free perovskites is to replace
two Pb2+ cations by a pair of monovalent [M(I)] and trivalent
[M(III)] metal cations, resulting in the Cs2M(I)M(III)X6 perovskites
including the “elpasolite” double perovskite (cubic phase) or the
zero-dimensional (0D) perovskite structure (monoclinic phase)
(Scheme 1).20–26 Among this family of materials, Bi-based (i.e.,
Cs2MBiX6) perovskites have drawn a significant amount of attention
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SCHEME 1. Schematics of metal halide perovskite crystal structures: 3D cubic
perovskite CsPbX3, lead-free Cs2M(I)M(III)Cl6 cubic double perovskites, and 0D
Cs2M(I)M(III)Cl6 monoclinic perovskites.

owing to the enhanced materials’ stability, unique electronic struc-
tures, and controllable bandgaps and photoluminescences.22,26–28

Since the band structures of Cs2MBiX6 perovskites mainly origi-
nated from the [MX6]5− and/or [BiX6]3− octahedral units,19,29–32

their electronic properties can be tailored by choosing a suitable
combination of metal and halide compositions. Therefore, altering
monovalent cation (i.e., M+) in the Cs2MBiCl6 perovskites could
lead to distinct crystal structures as well as optoelectronic character-
istics. To date, various Cs2MBiCl6 materials at both nano- and bulk-
scales have been successfully synthesized and studied. For example,
Cs2AgBiCl6 nanocrystals with a cubic double perovskite phase were
successful synthesized experimentally with an emission peak cen-
tered at 680 nm.26 Feng et al. reported that the bulk Cs2CuBiCl6
also exhibited a cubic structure with a narrow indirect bandgap of
0.83 eV.33 Theoretical calculations showed that Cs2NaBiCl6 cubic
double perovskites possessed much wider bandgaps of 2.86 eV and
3.73 eV at room temperature depending on whether or not the
spin–orbit coupling (SOC) effect is considered.34,35 For the case
of Cs2CsBiCl6 (i.e., Cs3BiCl6), a monoclinic crystal structure along
with a wide indirect bandgap in the range of 3.73 eV–3.76 eV was
observed.18,29,36 Moreover, a crystal phase transition from cubic to
triclinic was reported in the Cs2−xKx+1BiCl6 solid solution when
increasing the K+ cation concentration at room temperature.37

These studies showed different crystal and electronic structures for
the Cs2MBiX6 perovskites with different monovalent metal ions
(M+).

To obtain a deeper understanding of this important category of
materials, in this work, we have performed a series of density func-
tional theory (DFT) calculations to study the crystal structures and

electronic properties of Cs2MBiCl6 perovskites. Six different mono-
valent metal ions (M+), i.e., Ag+, Cu+, Na+, K+, Rb+, and Cs+ were
chosen as model systems. DFT calculation results show that the
Ag-, Cu-, and Na-based perovskites possess a cubic double
perovskite structure with small indirect bandgaps, whereas the
K-, Rb-, and Cs-based systems exhibit a monoclinic structure with
relatively large indirect bandgaps. These drastic differences in the
crystal phase and electronic structures were attributed to various
monovalent metal cation radii and orbital hybridization between
the metal and Cl ions. These calculation results are consistent with
our experimental data as well as previous reports.18,26,27,29,38–41 The
detailed understanding of series Cs2MBiCl6 perovskites shown in
this work sheds light on the future design and fabrication of vari-
ous lead-free perovskite materials in a predictable and controllable
manner for applications.

II. RESULTS AND DISCUSSION
Theoretical calculations were performed to explore the phase

stability (cubic or monoclinic phase) at 0 K environment (Fig. 1,
see the supplementary material for calculation details). Phase stabil-
ity of Cs2MBiCl6 perovskites is evaluated by calculating the energy
difference per atom (ΔE) between the cubic and monoclinic phases
using equation ΔE = Ecubic − Emonoc, where Ecubic and Emonoc are the
total energies of Cs2MBiCl6 perovskites per atom in cubic (space
group: Fm3̄m) and monoclinic (space group: C2/c) phases, respec-
tively. It can be interpreted that the cubic (monoclinic) phase is the
thermodynamically favored crystal phase when ΔE is negative (pos-
itive). Figure 1(b) shows the ΔE for Cs2MBiCl6 perovskites with six
monovalent metal ions, i.e., Ag+, Cu+, Na+, K+, Rb+, and Cs+, all of
which have been studied in experiments.18,26,27,29,38–42 Among these
elements, the Ag+ and Cu+ ions possess valence electrons in the
frontier s- and d-orbitals, whereas the Na+, K+, Rb+, and Cs+ ions
only have the valence electrons in s- and p-orbitals. The calculation
results show that the Cs2MBiCl6 perovskites with M = Ag, Cu, and
Na prefer the cubic double perovskite phase, while the Cs2MBiCl6
ones with M = K, Rb, and Cs favor the monoclinic phase [Fig. 1(b)].
This phase preference agrees well with previous reports as well as
our experimental results (Fig. S1).18,26,27,29,38–41 To gain details of
the crystal structures, we further calculated the M–Cl bond length
(BL) and different bond angles (BAs), as shown in Fig. 1(a), for
the six perovskite systems [Figs. 1(a), 1(c), and 1(d)]. The calcula-
tion results show that the M–Cl BL is related to the radius (rM) of
the monovalent metal ions. Increasing the ionic size increased the
respective calculated BLs from 2.74 Å for Ag, 2.55 Å for Cu, 2.79 Å
for Na, 3.46 Å for K, and 3.57 Å for Rb to 3.63 Å for Cs [Fig. 1(c)].
The evolutions of BAs including Bi–Cl–M (θBCM), Cl–Bi–Cl (θCBC),
and Cl–M–Cl (θCMC) are shown in Fig. 1(d). All three BAs were
determined to be 180○ for the cases of M = Ag, Cu, and Na, indi-
cating good preservation of the cubic double perovskite crystal phase
[Fig. 1(d)]. However, these BAs were calculated to be in the ranges of
141○–143○ for θBCM, 177.57○–177.78○ for θCBC, and 142.59○–142.81○

for θCMC for the cases of M = K, Rb, and Cs [Fig. 1(d)], indicating
the structural deviation from a cubic structure to a distorted mono-
clinic structure [Fig. 1(a)]. Slightly enlarged deviation from the cubic
phase as increasing the ionic radius revealed an ionic size-dependent
distortion of octahedral units.37,43,44
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FIG. 1. General parameters of
Cs2MBiCl6 perovskites with different
M compositions (M = Ag, Cu, Na, K,
Rb, and Cs). (a) Schematics to show
the bond length (BL) and bond angles
(BAs) of Cs2MBiCl6 perovskites in cubic
(top) and monoclinic (bottom) phases.
(b) Structural stability determination by
energy difference (ΔE). (c) The BL and
radius of the monovalent metal ions (rM),
(d) BAs, and (e) the tolerance factor (t)
and octahedral factor (μ) for different
Cs2MBiCl6 perovskites studied here.

Goldschmidt’s empirical principle using the octahedral factor
(μ) and the Goldschmidt tolerance factor (t) has been commonly
applied to evaluate the crystal phase stability of perovskites.45–47

In order to maintain a stable octahedral structure, thus the cubic
perovskite phase (space group: Fm3̄m), the octahedral factor (μ)
needs to be between 0.442 and 0.895, while the tolerance factor (t)
is required to be between 0.80 and 1.10.45 The calculated μ and t
values for all the six types of Cs2MBiCl6 perovskites are shown in
Fig. 1(e). While all the μ values are calculated to be between 0.57
and 0.78, within the predicted range for stabilizing perfect octa-
hedral structures, the obtained t values spread in and out of the
required tolerance factor range [Fig. 1(e)]. Specifically, the t values
of 0.78, 0.76, and 0.76, respectively, for Cs2KBiCl6, Cs2RbBiCl6, and
Cs2CsBiCl6 perovskites are all below the lower threshold value of
0.80, indicating their tendency of crystallizing into distorted per-
ovskite structures (e.g., the monoclinic phase), as observed experi-
mentally (Fig. S1).18,29,37,48

The correlation between the electronic band edge configura-
tions and the [MX6]5− octahedral units has been reported,19,29 which
inspired us to further conduct the calculations of the band structure
and density of states (DOS) for the Cs2MBiCl6 perovskites. The SOC
effect is taken into consideration in our calculations due to the split-
ting of 6p1/2 and 6p3/2 states of Bi in the conduction band.49,50 For
comparison, the corresponding band structure calculations using
only the Perdew–Burke–Ernzerhof (PBE) functional without con-
sidering the SOC effect were also performed and shown in Fig. S2.
With or without the consideration of SOC, the features of the valence
band edge are almost unchanged (Figs. 2 and S2). In contrast, due
to the strong SOC effects, the conduction band edge splits into two
bands with separation energy larger than 0.39 eV at the L point after
taking the SOC effect into consideration (Fig. 2). Thus, the obtained
bandgaps are reduced, and the shapes of the conduction band are
drastically changed (Fig. 2). This result is somewhat expected, given
that the character of the conduction band edge is predominantly
determined by the Bi-6p orbitals. Therefore, the inclusion of the

SOC effects is needed for correct descriptions of band structures and
effective masses of the Cs2MBiCl6 perovskites.

The calculation results show that the band structure and pro-
jected DOS (PDOS) of Cs2AgBiCl6 perovskites exhibited semi-
conductor characteristics with an indirect bandgap of 1.54 eV
[Fig. 2(a)].49 The calculated conduction band minimum (CBM)
and valence band maximum (VBM) were located at the L and X
points in its first Brillouin zone, respectively [Fig. 2(a)]. The CBM
originates mainly from the Cl-3p, Bi-6p and Ag-5s orbitals with a
small contribution from the Ag-4d orbital. In contrast, the VBM
is mainly composed of the Ag-4d and Cl-3p orbitals with a min-
imum contribution from Bi-6s orbitals [Fig. 2(a)]. Comparing to
the Ag-containing case, the Cs2CuBiCl6 possesses a much smaller
indirect bandgap of 0.68 eV with the CBM lying at the Γ symme-
try point and the VBM lying at the X point [Fig. 2(b)]. The PDOS
calculation shows that the CBM mainly consists of Cl-3p, Bi-6p,
Cu-4s, and Cu-3d orbitals, while Cu-3d, Cl-3p orbitals and Bi-6s
orbitals are the major components for VBM [Fig. 2(b)]. Although
having the same cubic double perovskite phase, a much larger indi-
rect bandgap energy (2.98 eV) for the Cs2NaBiCl6 perovskite than
those of Cs2AgBiCl6 (1.54 eV) and Cs2CuBiCl6 (0.68 eV) perovskites
was obtained [Fig. 2(c)]. Unlike the Ag- and Cu-containing cases
where strong orbital hybridizations occur between the frontier s,
d orbitals of the transition metals (i.e., Ag-5s, Ag-4d, and Cu-4s,
Cu-3d), and Bi-6p, Cl-3p orbitals, the absence of d-orbitals for Na
atom results in drastically reduced orbital interactions, thus mini-
mizing the Na-contribution to the CBM. Consequently, the CBM
energy is raised, leading to a lager bandgap energy of 2.98 eV
[Fig. 2(c)]. Band structures and PDOS were also calculated for
Cs2MBiCl6 (M = K, Rb, and Cs) perovskites [Figs. 2(d)–2(f)]. For
all these cases, the CBMs are positioned at the Γ symmetry point
and the VBMs are located between A and B points [Figs. 2(d)–2(f)].
Similar to the Cs2NaBiCl6 perovskite, weak orbital interactions
between M and Bi/Cl ions lead to minimal contributions from these
alkali metal ions to CBMs, resulting in wide bandgap energies of
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FIG. 2. Band structures and projected density of states (PDOS) calculations for Cs2MBiCl6 perovskites using the PBE + SOC functional. (a) Cs2AgBiCl6, (b) Cs2CuBiCl6,
and (c) Cs2NaBiCl6 are in the cubic phase. (d) Cs2KBiCl6, (e) Cs2RbBiCl6, and (f) Cs2CsBiCl6 are in the monoclinic phase. The CBM and VBM are marked by dashed line
arrows and the VBM energy is set to zero.

3.02 eV, 3.03 eV, and 3.06 eV for M = K, Rb, and Cs, respectively
[Figs. 2(d)–2(f)]. These PDOS calculation results are compliant
with the experimentally measured absorption peaks at 3.56 eV and
3.64 eV, respectively, for the Cs2CsBiCl6 (Cs3BiCl6) and Cs2NaBiCl6
perovskites (Fig. S1), which can be solely assigned to the electronic
transition of 1S0 → 3P1 for the [BiCl6]3− units.18,51–53

Owing to its direct correlation with the photocarrier mobility,
a crucial optoelectronic property of perovskite materials, we further
investigated the carrier effective mass (m∗) at the band edge of the

Cs2MBiCl6 perovskites (Table I). The equation, m∗ = h̵[ d2E(k)
dk2 ]

−1
,

was employed for the calculation,54 where m∗ is the effective mass, h̵
is the reduced Planck’s constant, E(k) is the eigenvalue, and k is the
wave vector. Low carrier effective masses for both electron and hole
were obtained at the band edges, respectively, along the L–W and
X–Γ directions for the Cs2AgBiCl6 double perovskite (m∗e = 0.46m0
and m∗h = 0.23m0, where m0 is the free electron mass) and
along Γ–L and X–Γ directions for Cs2CuBiCl6 double perovskites

TABLE I. Calculated effective masses of Cs2MBiCl6 perovskites. me
∗ and mh

∗ are the effective masses of electron and hole
in the free electron mass m0 unit. The L, W, Γ, X, A, Z, and B are the high-system points in the first Brillouin zone. The Λ
symbol indicates the VBM point (between A and B) for Cs2MBiCl6 (M = K, Rb, and Cs). The symbol in the brackets shows
the directions along which the effective masses were obtained.

System m∗e (direction) m∗e (direction) m∗h (direction) m∗h (direction)

Cs2AgBiCl6 0.46 (L–W) 0.69 (L–Γ) 0.23 (X–Γ) 0.90 (X–W)
Cs2CuBiCl6 0.39 (Γ–L) 0.40 (Γ–X) 0.26 (X–Γ) 1.17 (X–W)
Cs2NaBiCl6 0.97 (Γ–L) 1.80 (Γ–X) 3.38 (W–X) 6.30 (W–K)
Cs2KBiCl6 — (Γ–B) 1.09 (Γ–Z) 4.38 (Λ–A) 4.38 (Λ–B)
Cs2RbBiCl6 — (Γ–B) 1.09 (Γ–Z) 5.88 (Λ–A) 10.10 (Λ–B)
Cs2CsBiCl6 — (Γ–B) 1.09 (Γ–Z) 4.81 (Λ–A) 48.07 (Λ–B)
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(m∗e = 0.39m0 and m∗h = 0.26m0) (Table I). Noticeably higher effec-
tive hole mass (m∗e = 0.97m0 and m∗h = 3.38m0) was obtained for
the Cs2NaBiCl6 double perovskite (Table I), indicating unbalanced
carrier mobilities for the material. For the cases of M = K, Rb, and
Cs, both the electron and hole effective masses were calculated to be
higher than those of the ones for cubic double perovskite cases (i.e.,
M = Ag, Cu, and Na) (Table I). These calculation results reveal that
the cubic double perovskites studied here show relatively lower car-
rier effective masses, thus higher carrier mobilities than those with
a monoclinic crystal phase (i.e., M = K, Rb, and Cs), in accordance
with the isolation of octahedral units inside the monoclinic crystal
lattices (Scheme 1).

Charge transfer and separation for the Cs2MBiCl6 perovskites
were investigated by calculating the charge density difference Δρ(r)
following the equation Δρ(r) = ρcomp − ρCs − ρM − ρBi − ρCl,
where ρcomp, ρCs, ρM, ρBi, and ρCl are the charge densities of the
Cs2MBiCl6 compound and Cs+, M+, Bi3+, and Cl− are ions in the
Cs2MBiCl6 perovskite crystal, respectively. The charge density dif-
ferences are depicted in Figs. 3(a)–3(f), where the cyan and yel-
low regions correspondingly represent charge depletion and charge

accumulation. It is clearly showed that the charge redistribution
mainly occurred within the [MCl6]5− octahedral units, where less
charge losses were observed for M = Ag and Cu cases than the other
four cases [Figs. 3(a)–3(f)]. The charge transfer was further quan-
tified by the Bader charge population method.55 The charge accu-
mulation was kept as a nearly constant value, independent of the
monovalent metal M variation (Fig. S3). When M (Ag, Cu, Na, K,
Rb, and Cs) cation’s radius increases, the charge loss also increases
from 0.6e to 0.8e, while the charge loss number of Bi atoms keeps as a
constant value of ∼−1.5e (Fig. S3). The charge transfer can affect the
bond characters between the M and Cl atoms, which can be further
exhibited by calculating the electron localization functional (ELF) of
the systems.

ELF has been proposed based on the second-order Taylor
expansion of the spherically averaged pair density.56 The ELF can
be directly applied to visualize atomic shell structures, the distri-
bution of the bonding and electron lone pairs in molecules, and to
monitor changes in the electron distribution in bond-forming and
bond-breaking processes.57,58 To explore these electronic properties
in our systems, ELF calculations have been conducted and the results

FIG. 3. Charge density difference calculation and electron localization functional (ELF) analysis. [(a)–(f)] The charge density difference (0.0045 e/bohr3) and [(g)–(r)] ELF of
Cs2MBiCl6 perovskites. In [(a)–(f)], yellow surfaces correspond to the charge gains and cyan surfaces correspond to an equivalent charge loss. In [(g)–(r)], top panels display
the associated ELF 2D mapping with color coding to represent the strength of electron density. Bottom panels show the 1D intensity profiles along the black dashed lines in
the corresponding top panels, illustrating the electron density between different ions for [BiCl6]3− [(g)–(l)] and [MCl6]5− [(m)–(r)] octahedral units.
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are shown in Figs. 3(g)–3(r). The ELF calculations clearly show the
bond characteristics between metal cations (i.e., Cs+, M+, and Bi3+)
and Cl− anions. For the Cs2MBiCl6 cubic double perovskite group
(M = Ag, Cu, and Na), both the 2D mapping [Figs. 3(g)–3(i)], top
panels) and the corresponding 1D intensity profiles [Figs. 3(g)–3(i)],
bottom panels) show nearly no electron distribution (ELF value of
∼0) in between any Bi3+ and Cl− ion centers [Figs. 3(g)–3(i)]; the
specific values of ELF between metal cations and Cl− anions are
listed in Table S1 in the supplementary material. The absence of
electron distribution unambiguously proved an ionic bond nature
of the Bi–Cl bonds in these cases, consistent with the charge den-
sity calculation results [Figs. 3(a)–3(c)]. With the radius increasing
from Cu+ (77 pm) to Ag+ (115 pm) ions, the ELF shows a decreased
electron density near the M+ cations from 0.067 to 0.055, indicat-
ing weak interactions between the M+ and Cl− ions [Figs. 3(m)–
3(o)]. However, the increased electron localization (ELF value of
∼0) between the Bi3+ cation and Cl− anion can be clearly visualized
for the cases of Cs2MBiCl6 monoclinic perovskites (M = K, Rb, and
Cs) [Figs. 3(j)–3(l)]. This electron sharing behavior between two ion
centers indicates a more covalent bond characteristic of the Bi–Cl
bonds in these cases [Figs. 3(j)–3(l)], Table S1). In addition, sepa-
rate charge density accumulations near the M+ and Cl− ions suggest
the formation of stronger ionic bonds between the M+ cations (K+,
Rb+, and Cs+) and Cl− anions as compared with cubic phase ones
[Figs. 3(m)–3(r)]. The strong interactions between the cations (Bi3+

and M+) and Cl− ions in the Cs2MBiCl6 (M = K, Rb, and Cs) with a
monoclinic phase result in large hole effective masses and the strong
electronic localization effect at the VBM, which can be clearly visu-
alized as a narrow orbital contribution band (from Bi-6s and Cl-3p)
at the valence band edge in the PDOS plot [Figs. 2(d)–2(f)]. Due
to this strong electron localization effect, electrons are mostly pop-
ulated near the Bi and Cl atoms [Figs. 2(d)–2(f)]. The consequent
high electronic binding energies of the Cs2MBiCl6 (M = K, Rb, and
Cs) perovskites lead to a high energy electronic transition and a large
energy gap between the valence and conduction bands. Further-
more, the enhanced interactions between the Bi3+ and Cl− ions in the
K-, Rb-, and Cs-containing Cs2MBiCl6 perovskites lead to distorted
[MCl6]5− octahedral units. As a result, the total system energies of
the K-, Rb-, and Cs-containing Cs2MBiCl6 monoclinic perovskites
are lower than the energies of their cubic double perovskite coun-
terparts, leading to the monoclinic phase as the thermodynamic one
(Figs. 1(b) and 2).

III. CONCLUSIONS
In conclusion, we compared crystal structures and electronic

properties of lead-free Cs2MBiCl6 perovskites with various M
metal elements using DFT calculations. The results show that the
Cs2MBiCl6 (M = Ag, Cu, and Na) perovskites possess a cubic double
perovskite crystal phase with relatively low carrier effective masses
and smaller bandgaps. In contrast, the Cs2MBiCl6 (M = K, Rb, and
Cs) perovskites favor a monoclinic crystal phase with much higher
carrier effective masses and larger bandgaps. The charge density dif-
ference calculation and ELF analyses show the composition induced
different metal-halide bond features for the Cs2MBiCl6 perovskites
with different crystal structures. We attribute the crystal phase pref-
erences to different radii of monovalent metal (M) cations as well as

the orbital hybridization between metal (M) and Cl ions. We antic-
ipate that our study presented here can further advance the under-
standing of relationships between stoichiometry, crystal structure,
and electronic properties of lead-free Cs2MBiCl6 perovskites that are
of great importance for a wide range of optoelectronic applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complete experimen-
tal and calculation details including procedures, analyses, and band
structures of PBE images.
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