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ABSTRACT 

Organolead halide perovskite has been regarded as the most promising light-harvesting material 

of next generation solar cells; however, the intrinsic instability and toxicity of lead are still the 

inevitable concern. The bismuth is ecofriendly and shows similar electronic properties with lead, 

which has attracted gradually interest in optoelectronic application. However, the valence state of 

bismuth is different with that of lead, eliminating the possibility of replacing lead by bismuth in 

organolead halide perovskites. To address this matter, one feasible strategy is to construct B-site 

double perovskites by the combination of half Bi3+ and half B+ cation. In this work, the lead-free 

halide double perovskites Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) have been investigated by first-

principles calculation. The electronic properties, optical absorption and thermodynamic stability 

of these compounds were investigated to ascertain the potential application of solar energy 

conversion. These results provide the theoretical support for the exploration of lead-free 

perovskite materials in the potential optoelectronic application. 
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1. INTRODUCTION 

Organometal halide perovskite has revolutionized the landscape of the emerging photovoltaic 

(PV) technology with the impressive power conversion efficiency (PCE) [1,2]. To date, the 

highest certified PCE of the organolead halide perovskite solar cell has increased up to 22.1%, 

which is already comparable with the mature thin-film solar cells [3]. In addition to the high PCE, 

other merits, e.g., earth-abundant elements and low-cost fabrication method, allow the lead 

halide perovskite to be the most promising light-harvesting material for the next generation solar 

cells [4–6]. However, the low chemical stability under ambient air and the environmental risk of 

lead leaching are still the inescapable concern in the widespread application [7,8]. There is 

therefore an urgent to explore stable lead-free materials for perovskite solar cells. 

Replacing all or part of lead by tin in the organolead halide perovskite has been 

investigated to eliminate or minimize the contamination risk [9–12]. The solar cell based on the 

perovskite CH3NH3SnI3 exhibited a notable PCE of 6% [13]. Although tin is nontoxic, tin-based 

halide perovskites suffer from the oxidization of Sn2+ to Sn4+ states, which will impair the 

performance of devices [14]. Currently, nontoxic bismuth-based materials are gradually 

attracting attention in the optoelectronic application [15–17]. As two adjacent elements on the 

periodic table, bismuth and lead show some similar properties, e.g., the same electron 

configuration 5d106s26p0 for their stable cations. A series of bismuth halide has been studied for 

the optoelectronic application, such as BiI3, BiIX (X = O, S and Se) and A3Bi2I9 (A = K, Rb, Cs, 

CH3NH3 or NH4) [18–20]. These materials, however, are commonly low-dimensional 

compounds, which are different from the methylammonium (MA) lead halide perovskite with 

corner-sharing octahedral structure. Given the different valence, it is impracticable to directly 

substitute the lead by bismuth meanwhile satisfy the total charge neutrality. To solve this matter, 



a feasible method is to form the B-site double perovskite A2B′B′′X6, i.e., substituting the Pb2+ by 

half Bi3+ with half monovalent cation. Some noble metals (e.g., Cu and Ag) were employed as 

the substituted monovalent element, which has demonstrated to be an efficient strategy to 

explore novel lead-free perovskite materials [21–29].  

The bismuth-based double perovskite Cs2NaBiCl6 was synthesized in the 1970s focusing 

on the study of the ferroelectric phase transition property [30,31]. In consideration of the ionic 

radius, the Na+ (116 pm) is closer to Bi3+ (117 pm) than Ag+ (129 pm) [32]. Similar to the lead 

halide perovskites, the band gap of Cs2NaBiCl6 is too large to be used as the visible-light 

absorber. To the best of our knowledge, substitution of X-site Cl by Br or I is still not reported 

for Na-based double perovskites by experiments. Motivated by this, we investigated a series of 

double perovskites Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) by using the first-principles calculation 

based on density functional theory (DFT). The electronic properties, optical absorption and 

thermodynamic stability were calculated for these compounds. These results can be useful guide 

of the development of lead-free double perovskite materials.  

 

2. COMPUTATIONAL METHODS 

The DFT calculations were implemented in the Quantum ESPRESSO software package with the 

plane-wave pseudopotential approach [33,34]. The exchange correlation effects were described 

by the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

functional [35]. The ultra-soft pseudopotentials were considered for the election-ion interactions. 

A plane wave cutoff of 40 Ry was adopted for the expansion of the wave functions, and the 4 x 4 

x 4 Monkhorst-Pack k-mesh grid was employed for the ground state calculations [36]. All the 



compounds were fully relaxed until the cell stresses were less than 10-4 Ry/bohr3 and the residual 

forces were less than 10-3 Ry/bohr on each atomic site. Considering the relativistic effects of 

heavier metals, we employed the fully relativistic ultrasoft pseudopotentials with spin-orbit 

coupling (SOC) for the calculation of electronic properties. It is a well-known fact that the DFT 

method usually underestimates the band gap of semiconductors. To overcome the 

underestimation, we employed the Heyd–Scuseria–Ernzerhof hybrid functional (HSE06) to 

calculate the band gap of iodide perovskites. The HSE06 calculations were carried out by Vienna 

Ab initio Simulation Package (VASP) with the projector-augmented wave method [37]. To study 

the optical properties, we calculated the frequency dependent complex dielectric function ε(ω) = 

εr(ω) + i∙εi(ω) with a denser k-mesh grid. The absorption coefficient α(ω) is computed by means 

of the formula: 
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where λ and ω are the wavelength and frequency of the incident light, respectively.  

 

3. RESULTS AND DISCUSSION 

Starting from the experimental parameters of Cs2NaBiCl6 (Fm3m, 10.839Å, face-centered cubic) 

[30,31,38], we fully optimized the lattice parameters for all these double perovskites. The atomic 

structure is shown in Fig. 1 and the relaxed lattice parameters are presented in Table 1. 

Compared with the measured value of Cs2NaBiCl6, we can see that the PBE method exhibits 

excellent prediction ability for lattice parameters. The optimized lattice constants of these 

materials show two tendencies: 1) lattice constants increase with the order of X = Cl, Br and I; 2) 



Sb-based double perovskites have smaller lattice constants compared with the corresponding Bi-

based compounds. These results can be ascribed to the different ionic radii of the B- and X-sites 

ions. The ionic radius becomes longer with the increase of the atomic number, leading to the 

increase of lattice constant. Moreover, the increase of Na-X bond-lengths was also observed 

among these materials with the lattice expansion.  

The electronic structures of these double perovskites were calculated by scalar and fully 

relativistic PBE pseudopotentials. The predicted band gaps are presented in Table 2. We can see 

that the electronic band gaps of these perovskites exhibit a decrease tendency in order of X = Cl, 

Br, and I. With the treatment of SOC effects, the electronic band gaps were reduced significantly. 

The band dispersions are illustrated in Fig. 2. We can see that these double perovskites were 

predicted to be of indirect gap. The conduction band minimum (CBM) was predicted to appear at 

the L (π/a, π/a, π/a) point in the Brillouin zone for all compounds. The valence band maximum 

(VBM) exhibits several features. For Cs2NaSbI6, the VBM was found at the X (2π/a, 0, 0) point. 

For Cs2NaBiI6, the VBM was predicted at the Г (0, 0, 0) point. For other compounds, the VBM 

are all at W (2π/a, π/a, 0) point. When taking into account the SOC effects, these materials show 

different electronic properties compared with PBE results. The upper valence bands exhibit the 

similar dispersions for both PBE and PBE+SOC calculations. But for lower conduction bands, 

the obvious split off arises from the SOC effect. The spin-orbit split off results into the reduction 

of electronic band gaps. The underestimation of band gap by employing SOC effects can be also 

found in the organometal halide perovskite or other bismuth halide compounds [11,17,23]. For 

instance, the band gap of the perovskite CH3NH3PbI3 was predicted to be 0.60 eV by SOC-DFT, 

which is significantly lower than the experimental value [11]. However, taking into account the 

SOC effects doesn’t affect the physical tendency of band gaps and is critical to understand the 



electronic properties of these materials [39]. For Cs2NaBiI6, apart from the reduction of indirect 

band gap, the spin-orbit split off leads to the decrease of the CBM at the Г point, resulting into a 

direct band gap of 1.71 eV at Г point, which is slightly larger than the indirect value 1.68 eV. A 

better calculation of the band gap can be reached by preforming the HSE06 or GW self-energy 

corrections. However, accounting both SOC and these correction methods would need huge 

computational resources. In these compounds, iodide perovskites Cs2NaSbI6 and Cs2NaBiI6 

exhibit the potential in the application of solar cells due to optimal gap values at PBE level. To 

further evaluate the potential application in solar cells, we calculated the band gaps of these two 

iodide compounds by HSE06 method with SOC effects. The predicted band gaps at 

HSE06+SOC level are 2.06 and 2.43 eV for Cs2NaSbI6 and Cs2NaBiI6, respectively. Despite the 

fact that band gaps decrease with the order of Cl, Br, I, iodide double perovskites have still large 

band gap, limiting the efficient visible-light harvesting. 

A further understanding of the electronic properties can be investigated from the partial 

density of states (PDOS). For these double perovskites, upper valence bands are dominated by p-

state electrons of halogen anions with a small contribution from the s-orbital electrons of 

pnictogens. This reveals the stereo-chemical lone pair s-orbital electrons of Sb and Bi in these 

materials. The lower conduction bands are predominantly contributed by the interaction of p-

orbital electrons between pnictogens and halogens. Therefore, the conduction bands undergo an 

obvious spin-orbit split off in consideration of the SOC effect. Although the B-site Na plays an 

important role in the formation of the double perovskite structure, the Na s-orbital electrons are 

negligible at the upper valence and lower conduction bands. Moreover, the A-site Cs s electrons 

only become dominant at higher conduction bands. These PDOS results reveal the distribution of 

photo-generated electron-hole pairs in these materials. The s-states of pnictogens and p-states of 



halogens are involved in the formation of holes, while their p-states contribute to the formation 

of electrons. 

The photocarriers effective masses (m*
e and m*

h) can be calculated on basis of the 

parabolic approximation of the band dispersion at CBM and VBM according to the following 

relation [40]: 
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where the E(k) is the eigenvalue and k is the wavevector. The estimated effective masses are 

listed in Table 2 for these double perovskites. It can be seen that the photocarriers effective 

masses show the decreasing trend in order of Cl, Br and I among these double perovskites, 

similar to the tendency of band gaps. This indicates that substitution of X-site anions is 

conducive not only to the reduction of band gap but also to the enhancement of photocarriers 

mobility. The estimated effective masses of electrons are small, indicating the high mobility of 

photon-generated electrons in these double perovskites. While effective masses of holes are 

relatively larger due to the flat valence band dispersions, suggesting the inferior mobility of holes. 

In the MAPbI3 perovskite, the mobility of holes at the VBM is usually superior to that of 

electrons, and this outstanding mobility of holes has been regarded as a critical feature for the 

high performance of perovskite solar cells [41]. However, the mobility of photo-generated holes 

in these double perovskites is interior to that of electrons, suggesting that both the band gap and 

carriers mobility are required to be tuned in order to obtain a high performance of solar cells 

using these double perovskites. 

To investigate the visible-light harvesting capacity, we calculated the absorption 

coefficiency of these double perovskites as shown in Fig. 3. As the absorption threshold is 



inversely proportional to the band gap, the double perovskites with narrow band gaps are 

expected to possess the broad absorption in visible range. Among these double perovskites, 

Cs2NaSbI6, Cs2NaBiI6 and Cs2NaSbBr6 exhibit efficient absorption in the visible range. As 

shown in PDOS results, the absorption of these double perovskites is a p-p transition from 

valence to conduction bands, similar to the lead halide perovskites. However, the band gaps of 

these compounds are indirect, which impacts the absorption magnitude. This can be evidenced 

by the comparison with CsPbI3 as shown in Fig. 3, which is predicted to be a direct band gap 

semiconductor. The Cs2NaBiCl6 is the only double perovskite synthesized by experiment, but the 

absorption range is lower than 320 nm of wavelength. Although it is not suitable for solar cells, 

the Cs2NaBiCl6 can be explored in the application of ultraviolet sensors or detectors.  

To assess the stability of these double perovskites, we calculated the energies of these 

compounds to determine the thermodynamic stability based on the chemical reaction [42]: 

2∙Cs2NaBX6 ↔ Cs3B2X9 + 2∙NaX + CsX       (3) 

and the formation enthalpy ∆H can be calculated by [43]: 

∆H = 2∙H(Cs2NaBX6) – [H(Cs3B2X9) + 2∙H(NaX) + H(CsX)]     (4) 

considering the solid phase of these materials at the atmospheric pressure, we applied the 

approximation of ∆H ≈ ∆E for these calculations. The calculated formation enthalpies for these 

double perovskites are listed in Table 3. We can see that the chloride perovskites have the 

negative formation enthalpy, indicating that the phase decomposition is endothermic. Thus, the 

double perovskite phase of these chlorides is thermodynamic stable. While in the bromide and 

iodide perovskites, the formation enthalpies are predicted to be positive, suggesting that the 

phase decomposition of these double perovskites is spontaneous. The calculated formation 



enthalpies for Cs2NaSbI6 and Cs2NaBiI6 are similar to that of Cs2AgBiI6 (0.41 eV per formula) in 

previous study [42]. Although the iodide perovskites have the smaller band gaps, they suffer 

from the thermodynamic instability. However, a recent study reported that the (CH3NH3)2AgBiI6 

powder has been synthesized by solid-state reaction, and shows stability in the air [24]. This 

suggests that the bromide and iodide perovskites are still possible stable under certain condition 

that the kinetic barrier would hinder the decomposition reaction [43].  

 

4. CONCLUSIONS 

In summary, we investigated the electronic properties of double perovskites Cs2NaBX6 (B = Sb, 

Bi; X = Cl, Br, I) by using the first-principles calculation with focus on the potential 

optoelectronic application. All these double perovskites were predicted to possess indirect band 

gap. The Sb-based double perovskite has smaller band gap than the corresponding Bi-based 

compound. For the perovskites with the same B-site cations, the gap values decrease with the 

order of Cl, Br and I. These double perovskites have small efficient masses for photo-generated 

electrons at CBM but large efficient masses for holes due to the flat band dispersion at VBM. 

The absorption coefficients reveal that only Cs2NaSbI6, Cs2NaBiI6 and Cs2NaSbBr6 could 

efficiently absorb the photon in the visible-light range. The formation enthalpy results revealed 

that only the chloride compounds have stable double perovskite phase among these materials. 

These results provide theoretical suggestions for the development of novel lead-free double 

perovskite materials for opto-electronic applications. 
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Table 1. Optimized lattice constant a and Na-X bond-length dNa-X for Cs2NaBX6 (B = Sb and Bi; 

X = Cl, Br and I). 

 a (Å) dNa-X (Å) 

Cs2NaSbCl6 10.652 2.692 

Cs2NaSbBr6 11.223 2.829 

Cs2NaSbI6 12.056 3.042 

Cs2NaBiCl6 10.837 (10.839a) 2.717 (2.759a) 

Cs2NaBiBr6 11.364 2.841 

Cs2NaBiI6 12.199 3.054 

aReference [30] 

 

Table 2. Calculated band gap Eg and photocarriers effective mass m* for Cs2NaBX6 (B = Sb and 

Bi; X = Cl, Br and I). 

 
Eg (eV) effective mass (m*/m0) 

PBE PBE+SOC HSE06+SOC m*
h m*

e 

Cs2NaSbCl6 3.13 2.96 - 1.62 0.56 

Cs2NaSbBr6 2.54 2.37 - 1.09 0.39 

Cs2NaSbI6 1.90 1.65 2.06 0.68 0.27 

Cs2NaBiCl6 3.73 2.86 - 1.87 0.58 

Cs2NaBiBr6 3.07 2.40 - 1.29 0.41 

Cs2NaBiI6 2.23 1.68 2.43 0.58 0.28 

 

Table 3. Calculated formation enthalpy ∆H for these double perovskites. 

 Cs2NaSbCl6 Cs2NaSbBr6 Cs2NaSbI6 Cs2NaBiCl6 Cs2NaBiBr6 Cs2NaBiI6 

∆H (eV) -0.19 0.11 0.49 -0.43 0.01 0.40 

  



 

 

Fig. 1. Crystal schematic diagrams of these double perovskites Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, 

I).  

 

 

Fig. 2. Scalar relativistic (blue solid lines) and fully relativistic (orange dashed lines) band 

structures and fully relativistic partial density of states for these double perovskites. The highest 

occupied state is set to 0 eV. 

 



 

Fig. 3. Calculated optical absorption spectrum for these double perovskites Cs2NaBX6 (B = Sb, 

Bi; X = Cl, Br, I) compared with CsPbI3. 

 


