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Solar cells based on lead-free double perovskites as absorber layer is an environment friendly, stable alternative for the 

conventional lead based hybrid halide perovskites. A comprehensive theoretical study on the optical and electronic 

properties of all-inorganic double perovskite with A2BB’X6 stoichiometry is done using density functional theory. Doping 

studies on (RbxCs1-x )2AgBiBr6 perovskite is done using the virtual crystal approximation method within density functional 

theory. It is found that as increasing the Rb content (x) from 0.0 to 1.0 in RbxCs1-xAgBiBr6, the lattice parameter, dielectric 

constant and band gap are found to be decreasing linearly in accordance with Vegard's law. The lattice constant decreases 

linearly in x with a function of a(x) = 11.516 - 0.0057 x (Å), while the band gap decreases linearly as a function of x, Eg(x) = 

1.472 - 0.0009 x (eV). Opto-electronic properties of substitutional doping of Rb in (RbxCs1-x)2AgBiBr6 is compared with 

Cs2AgBiX6 (X=Cl, Br, I) and Br doped Cs2AgIn(BrxCl1-x)6. 
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Solar cells based on hybrid organic inorganic 

perovskite (HOIP) materials have been a topic of 

great interest in recent years. Perovskite solar cells 

have reached power conversion efficiency (PCE) of 

25.2% in a decade’s time
1,2

. This exceptional PCE 

arises from the opto-electronic properties of 

semiconducting halide perovskites, namely a high 

optical absorption coefficient (25 times higher than 

that of silicon), a tunable band gap (over a wide 

range of electromagnetic spectrum), long carrier 

recombination lifetimes, long diffusion lengths 

(~750 μm) and a high electron/hole mobility and 

transmission quality with small exciton binding 

energy and electron/hole effective masses
3-6

. These 

properties lead to an optimal utilization of absorbed 

solar photons within the active perovskite layer. 

Thus, HOIP hold the highest efficiencies ever 

achieved from a solution processable material. HOIP 

in particular methylammonium (CH3NH3)
+
) and

formamidinium (CH3(NH2)
2+

) lead iodides and

similar compounds with their outstanding properties 

have been considered as the ―first high-quality halide 

semiconductors‖. HOIP have many advantages over 

the conventional semiconductor-based photo voltaic 

devices, but the toxicity of lead and compound 

stability are the two main challenges
7-10

. Extensive 

studies have been performed in the last seven years 

on this emerging photo-voltaics and have found 

improved performance of perovskite opto-electronic 

devices. Replacing or mixing cations (organic 

molecules) in HOIP with inorganic Cs or Rb has 

been reported to increase the material stability
11,12

. 

Among various All-inorganic cesium lead halide 

perovskites (CsPbX3), CsPbI3 is regarded as a 

promising all-inorganic perovskite with a band gap 

of 1.73 eV with an efficiency (18.4%)
14-17

. It was 

found that all-inorganic double perovskites 

Cs2AgBiX6 are more stable and are the best 

environment friendly alternatives to lead-halide 

perovskites
19-26

. 

Substitution of A site with different isovalent 

species reduces the efficiency. Theoretical screening 

of the compounds where Pb replaced by other 

isovalent elements resulted in non-ideal band 

gaps
27,28

. For instance, it is shown that by different 

combination of halides and cations the electronic 

properties can be tuned
-19-31

. Chemical doping of 

alkaline earth metals, constructing perovskite bilayer 

architectures, using two-dimensional perovskites and 

vacancy/cation ordered double perovskites, including 

hybrid halide double perovskites (HHDP), all 

inorganic halide double perovskites (AIHDP) are few 

strategies to improve the efficiency of PSCs
32-39

. 

Environment friendly stable and non-toxic AIHDP 
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with chemical formula A2BB’X6 (where B=Ag, Cu; 

B’=Bi, Sb, In) have indirect and wide band gaps of 

over 2 eV.
 

Among the various lead-free HDP, 

compounds based on In and Ag have direct band 

gap
29,30,36-39

. 

In this work, the effect of doping on the structural, 

electronic and optical properties of all-inorganic 

perovskites (RbxCs1-x)2AgBiBr6 were compared using 

density functional theory (DFT). Similarly, the effect 

of doping of Rb in all-inorganic double perovskites 

Cs2AgBiBr6 (X=Cl,Br,I) have also been investigated. 

The basic electronic properties have been analyzed in 

terms of the band structure and density of states. 

Partial densities of states of the pure and doped 

materials were obtained to evaluate the contributions 

of specific orbitals to the valence and conduction 

bands. For a comparative study, frequency dependent 

absorption coefficient was used in our simulation. The 

real and imaginary parts of the dielectric constant 

were also analyzed separately. 
 

Computational details and Results 

For the current work, geometry optimizations, 

electronic and optical studies were done using the 

Quantum- Espresso (QE) suite
44

. The exchange–

correlation function with generalized gradient 

approximation (GGA) parametrized by Perdew Burke 

Ernzerhof (PBE) was used
45

. All the structures were 

optimized theoretically using the Birch-Murnaghan’s 

equation of state. The convergence test for kinetic 

energy cut-off for wave function (ecutwfc) and charge 

densities (ecutrho) were done and ecutwfc was set to 

90 while ecutrho was set to 720 Ry. Structure 

optimization and the k-point meshes for different 

structures were done according to the Monkhorst–

Pack scheme for the Brillouin zones
46

. Sampling of 

Brillouin zone integration with k-point mesh 8×8×8 

was set, for DOS and optical calculations denser k-

mesh of 16×16×16 was used. 
 

Structural Properties 
The AIHDP Cs2BB’X6 was modelled in a cubic 

double perovskite structure with space group 

Fm3m(#225). The structure is an arrangement of 

corner-sharing BX6 and B’X6 units which consist of 

two types of octahedra, alternating in a rock-salt face-

centered cubic structure. The conventional structure 

of Cs2BB’X6 is given in Fig. 1C. The fractional 

coordinates of the Ag, Bi and Cs atoms are (0.0, 0.0, 

0.0), (0.5, 0.5, 0.5) and (0.25, 0.25, 0.25) with 

Wyckoff position 4a, 4b and 8c, respectively. In Table 1, 

the lattice parameters and corresponding tolerance 

factor of Cs2BB’X6 double perovskites are presented. 

As seen in the table, Goldschmidt tolerance factor (τ) 

was observed to be in the proximity of one, which is 

 

 
 

Fig. 1 — Crystal structures of most commonly used halide perovskites. (A) CH3NH3
+ PbI3

 with space group Pmm(#221), (B) 

Orthorombic CsPbI3 with space group Pbnm(#62), and (C) Cs2AgBiCl6. with space group Fmm(#225). Pictures generated using VESTA 
 

 

Table 1 — Lattice parameter of various potential cesium based double 

perovskites compared along with its calculated tolerance factors 

 X Lattice 

Constant (Å) 

Tolerance Factor 

(τ) 

Cs2AgBiX6 Br 11.472819 0.953919 

Cl 10.978819 0.955919 

Cs2CuBiX6 Br 11.0928 0.9866 

Cl 10.5148 0.9981 

Cs2AgInX6 Br 11.271129,30 0.971029,30 

Cl 10.578829,30 0.992029,30 

Cs2CuSbX6 Br 10.9188 1.0023 

Cl 10.2548 1.0234 

Cs2AgSbX6 Br 11.2988 0.9686 

Cl 10.7188 0.9791 

Cs2CuInX6 Br 10.8911 1.0049 

Cl 10.1148 1.0375 

Cs2 AuBiX6 Br 10.8599 1.0078 

Cl 10.3259 1.0163 
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considered to form stable cubic perovskite structures. 

Structural optimization of (RbxCs1-x)2AgBiBr6 was 

done with PBE exchange functional. The volume 

optimization was performed using the Birch-

Murnaghan’s equation of state. The lattice constants 

of the compounds were first optimized by estimating 

the Energy−Volume data and then fitting it into the 

Birch-Murnaghan Equation of State (EOS) which is 

given by  
 

 
 

where, E is internal energy, B0 is the bulk modulus, 

B0' is the derivative of the bulk modulus with respect 

to pressure, V0 is the reference volume and V is the 

deformed volume. Optimized values of the parameters 

of Birch-Murnaghan’s EOS for Rb0.2Cs0.8AgBiBr6 and 

Rb2AgBiBr6 are presented in Fig. 2. For Rb2AgBiBr6 

the values of optimized lattice parameters a, B0, B'0 

and V0 were 21.6548, 233 kbar, 5.17 and 2538.66 

(a.u.)
3
, respectively. Similarly, the corresponding 

values for Rb0.2Cs0.8AgBiBr6 were 21.7416 a.u., B0 = 

240 kbar, B'0 = 5.95 and V0 = 2569.31 (a.u.)
3
, 

respectively. As expected there was a variation in the 

lattice constant due to the doping of Rb and was 

compared with other compounds in Table 2. This 

variation follows Vgard’s law with a linear function 

a(x) = 11.516 - 0.0057 x (Å), where x is the Rb 

content in the compound. 
 

Electronic properties 
Band structure calculations for Cs2AgBiX6 using 

LDA, PBE and PBE sol exchange correlation have 

been extensively investigated along with the spin-

orbit coupling earlier
19

. The band gaps for 

Cs2AgBiCl6, Cs2AgBiBr6 and Cs2AgBiI6 are 1.91 eV, 

1.42 eV and 0.89 eV, respectively in PBE-GGA 

approximation. Band gap was found to be indirect 

with the valence band maximum (VBM) at X and the 

conduction band minimum (CBM) at L points of the 

Brillouin zone. The band structures of Cs2AgBiX6 

through high symmetry points are shown in Fig. 3. It 

is to be noted that among various Cs based double 

halides, band gap of Cs2AgInCl6 was found to be 

direct
40-43

, with the VBM and CBM at Γ(π/a , π/a , 

π/a) point of the Brillouin zone
29,30

. The calculated 

band gap for Cs2AgInCl6 was obtained as 1.1 eV. 

Similarly, the structural, electronic and optical 

properties of bromine (Br) doped Cs2AgInCl6 in the 

cubic phase (Fm3m#225) have also been investigated 

by our group already
29,30

. 

For the doping percentages of 4, 8, 12 and 16%, the 

lattice constants and band gap were found to be 

 

 
 

Fig. 2 — Optimized values of the parameters of Birch-Murnaghan’s 

equation of state are presented for (A) Rb0.2Cs0.8AgBiBr6 and (B) 

Rb2AgBiBr6. (Plots genarated using Gnuplot) 
 

Table 2 — Lattice parameters and Bandgaps of double perovskites 

(RbxCs1-x)2AgBiBr6 compared with Cs2AgBiX6 (X=Cl,Br,I)19 and 

direct band gap Cs2AgIn(BrxCl1-x)6 
29-30. 

Compound Lattice Constant (Å) Bandgap (eV) 

Cs2AgBiCl6 10.9788 19 1.9119 

Cs2AgBiBr6 11.4728 19 1.4233 19 

Cs2AgBiI6 12.2843 19 0.89 19 

Cs2AgInCl6 10.5788 29-30 1.1 29-30 

Cs2AgIn(Br0.04 Cl0.96 )6 10.563 30 1.03330 

Cs2AgIn(Br0.08 Cl0.92 )6 10.59730 1.01630 

Cs2AgIn(Br0.12 Cl0.88 )6 10.60630 0.99530 

Cs2AgIn(Br0.16 Cl0.84 )6 10.61230 0.94430 

(Rb0.2Cs0.8 )2AgBiBr6 11.50518 1.4709 

(Rb0.4Cs0.6 )2AgBiBr6 11.49270 1.469 

(Rb0.6Cs0.4 )2AgBiBr6 11.48122 1.4672 

(Rb0.8Cs0.2 )2AgBiBr6 11.47081 1.4656 
Rb2AgBiBr6 11.45924 1.4634 
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10.563 Å, 10.597 Å, 10.606 Å, 10.612 Å and 1.033 

eV, 1.016 eV, 0.995 eV, 0.944 eV, respectively. 

Further, to investigate the contribution of various 

atoms to the valance and conduction band, we have 

plotted the atom-projected partial DOS. The variation 

tendency in electronic structures was studied by 

obtaining partial density of states (PDOS) projected 

on each atom (Fig. 4). 
 

Electronic structure calculations of (RbxCs1-x)2AgBiBr6 

(0<x<1) using VCA method  shows that electronic 

properties are not affected by the Rb doping. Lattice 

constant and band gap as a function of Rb content x is 

presented in Table 2. When increasing the Rb content 

x from 0.0 to 1.0, band gap decreases linearly as a 

function of doping content x as Eg(x) = 1.472 - 0.0009 

x (eV) with χ
2 

=9.8*10
-08

. These results are 

summarised in Fig. 5B. Here the slope is very small 

(0.0009) which shows that the effect of A cation 

doping is practically negligible in the context of 

electronic properties. The effect of changing the 

halide configurations on electronic properties is more 

prominent than due to the doping of Rb as shown in 

Table 2 and in Fig. 3. 
 

Optical properties 
The frequency dependent photo-absorption 

coefficient is a major optical property that determines 

the sensitivity of the material towards the incident 

solar energy. The studied electronic properties reveal 

that these compounds are suitable for photovoltaic 

applications. The response of the incident frequency ω 

to the absorption coefficient α(ω) and refractive index 

n(ω) are expressed in terms of permittivity ε as α(ω) 

= ω/cn(ω) where c is the speed of light and 

 
 

Here, εR(ω)  and  εI(ω) are  the  real and imaginary  

 

 
 

Fig. 3 — Electronic band structure and DOS of Cs2AgBiX6. along high symmetry points. Zero set to VBM (A) Cs2AgBiCl6; (B) 

Cs2AgBiBr6; and (C) Cs2AgBiI6 
 

 
 

Fig. 4 — Atom-projected partial DOS showing the variations in the electronic configurations as B-cations and halides are changed 
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parts of the dielectric constant ε(ω) = εR + iεI. The 

frequency-dependent dielectric constants, ε(ω) were 

calculated within the density functional perturbation 

theory as implemented in the QE package. In Fig. 6A, 

the absorption coefficient (α) as a function of incident 

photon energy (ω) for (RbxCs1-x )2AgBiBr6 were 

compared with Cs2AgBiX6(X=Cl,Br,I)
19

 showing the 

effect of changes in A-cation and halogen. Optical 

properties are not affected by the Rb doping but can 

be tuned by changing the halogen configurations. 

From the absorption spectra it is observed that these 

materials can be used as light absorber in silicon 

tandem solar cells. 

 

Conclusions 

In this study, the structural, electronic and optical 

properties were investigated using first-principles 

density functional theory for a class of double 

perovskites. Theoretically, efficient inorganic halide 

PSCs were designed which are environment friendly 

as well as stable alternative to lead halide perovskites. 

Further, the compounds Cs2AgBiX6(X=Cl,Br,I), 

 

 
 

Fig. 5 — Variations of (A) Lattice constant; and (B) Band gap of (RbxCs1-x)2AgBiBr6 as a function of Rb content x, calculated using the 

VCA method within DFT.  (Plots genarated using Gnuplot) 

 

 
 

Fig. 6 — Absorption and dielectric constant for Rb doped CS2AgBiBr6 compared with Cs2AgBiX6 (X=Cl,Br,I)19 as a function of photon 

energy. (A) Absorption coefficient of (RbxCs1-x)2AgBiBr6 compared with CS2AgBiCl6 
19 and CS2AgBiI6 

19, (B) Real part of the dielectric 

constant, and (C) Imaginary part of dielectric constant compared with Rb doped CS2AgBiBr6. (Plots genarated using Gnuplot) 
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Cs2AgIn(BrxCl1-x)6 and (RbxCs1-x)2AgBiBr6 were also 

analyzed. This comprehensive theoretical work 

compares the effect of doping at A site and also the 

effect of halogen doping on the double perovskite 

A2BB’X6. A few candidates for AIHDPs with 

chemical formula A2BB’X6 were constructed which 

are stable compounds thereby making them a 

potential candidate for photovoltaic applications. 

Different percentages of Rb doping done at A-site 

showed that these compounds have similar optical 

properties with increased structural stability. In this 

work, virtual crystal approximation method was used 

to investigate the influence of doping at A site of 

halide perovskites (RbxCs1-x)2AgBiBr6. (0.0 < x < 1.0), 

and it was found that the lattice constants decreases 

with increased x and follows the Vegard's law, with 

the linear function of x as a(x) = 11.516 - 0.0057 x 

(Å). Similarly, the band gap also decreased linearly as 

a function of x. Electronic properties showed AIHDPs 

Cs2AgBiX6 and Rb doped (RbxCs1-x)2AgBiBr6 has 

indirect band gap and Cs2AgInCl6 has direct band gap. 

The band gap of Cs2AgInCl6 was 1.1eV with the 

VBM and CBM at Γ point of the Brillouin zone. As 

the doping percentage of Br in Cs2AgInCl6 was 

increase to 16%, the band gap got reduced to 0.9 eV. 

From the optical studies, it could be concluded that 

along with stable AIHDPs Cs2AgBiX6, Rb doped 

Cs2AgIn(BrxCl1-x)6 and (RbxCs1-x)2AgBiBr6 are strong 

candidates for potential applications in photovoltaic 

technologies. 
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