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The presently, the renewable energy becomes the important 
source in the world because of shortage of oil and fossil 
sources and their hazardous. The solar cell is the main 
frontiers of cheap and clean renewable energy. We have 
chosen to lead free double perovskites Rb2LiTlX6 (X = Cl, Br, I) 
for structural, electronic, and optical applications because of 

their stable structure and direct band gaps. For the 
calculations, the modified Becke and Johnson potential has 
been applied (mBJ). The lattice constants are increase from Cl 
to I while bulk modulus decreases. The phase stability ensures 
the cubic phase with space group 221_Fm3m. The band 
structures and density of states show the band gabs (2.62, 
1.39, & 0.14) eV. The ideal band gap of Rb2LiTlBr6 ensure the 

absorption of light in the visible region which has significant 
importance for solar cells applications. 
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1. Introduction 
 

To meet the challenge of energy crisis, variety of sources has been assessed and 

found the conversion of sun light into direct electrical energy is the clean source, cheap, 

environment friendly and long-term source of energy (Biswas et al., 2012). The researchers 

are putting their best efforts to explore the materials which are highly efficient, easily 

available, and non-toxic. During last decade, tremendous work has been done to optimize 

the materials for solar cells and found the Lead based perovskites halides has achieved 

record energy conversion efficiency 23% (Shah et al., 2020; Siddique et al., 2019). Later, 

the single layered junction solar cells in 2009 are investigated with efficiency of 28% 

(H2NCHNH2PbX3) and double junction solar cells of tin halide (CH3NH3SnI3) with efficiency 

31.1% (Pei et al., 2011). The improving struggle explored the organic and inorganic based 

double perovskites with optimal efficiency 35% (Hong, Yuan, & Liu, 2020). Now we want to 

explore the stable double perovskites with maximum efficiency and low-cost materials.    

 

Even though the high-power conversion efficiency materials are scrutinized but their 

existing challenges limit their applicability for commercial applications. The problems of 

these materials which are needed to address; instability and presence of lead which is very 

toxic for environment (Peng et al., 2011). Therefore, during last few years, huge efforts are 

done on lead-free perovskites and double perovskites as a potential replacement of MAPbI3 

(MA = CH3NH3), Cs2PbX6 (X = Cl, Br, I) and vacancy-ordered double perovskites (Heremans 

et al., 2008; Poudel et al., 2008; Tritt, 2011). From all the family of lead-free double 

https://journals.internationalrasd.org/index.php/jmps
mailto:qmmustafa@iau.edu.sa


Ahmad Ayyaz, Ahmad Usman, Q. Mahmood, Ayesha Ihsan, Faseeh ur Raheem 
 

93 
 

perovskites, the perovskites based on Bi/Ag are considered more stable and 

environmentally friendly as a substituent of MAPbI3. Even though the Bi and Ag DPs have 

band gap in the visible region of spectrum (1.9 eV to 2.3 eV) but indirect gap which is not 

favorable for solar cell applications (Kaur & Kumar, 2016). The indirect band gap 

semiconductors reduce the oscillator strength for radiative recombination and absorption of 

light that demands thicker absorber layer like silicon. This thicker layer is very tricky for low 

mobility charge carriers. Therefore, we must need develop new class of Pb free DPs which 

have direct nature of band gap.  

 

To above mentioned problems of highly efficient solar cell materials, the theoretical 

and experimental research testify the list of double perovskites. The study of Cs2AgBiBr6 

open the new doors of double perovskites like Cs2InSbCl6, Rb2AgInBr6, Rb2CuInCl6 etc. that 

have band gaps comparable to MAPbI3 complement (Reshak, 2016). Young et al, studied 

the lead-free nanocrystals of Cs2AgInxBi1-xCl6 with doping concentration of In as X = 0, 

0.25, 0.5, 0.75 and 0.9. The indirect bad gap has been tuned to direct band gap of value at 

X = 0.75. The direct band gap has three time more absorption cross-section and five times 

more efficiency as associated to indirect band gap semiconductors. In these double 

perovskites, we have found 36.6% photoluminescence quantum efficiency for direct band 

gap nanocrystals (Kanatzidis, 2010). 

 

The analysis of various physical properties of the materials such as perovskites and 

double perovskite crystal structure, band structure and stability has got considerable 

attention in the scientific community working in the field of material sciences. In the 

direction for having better understanding of different aspects of the materials many 

approximation methods are applied, which subjected to the highly efficient computer 

programming such as the VASP/Quantum Espresso software are widely used for that 

purpose. These software's are highly capable to construct the graphical representation of 

band structural, electronic, and thermoelectric structures for the practical purposes. We can 

study these properties by taking number constraints into account such as pressure, 

temperatures and creating vacancies.  It has been found that newly crystalline phases are 

induced in the presence of external pressure and temperature. These theoretical techniques 

will be applied here to analyze electric and thermoelectric aspects of the perovskite and DPs 

materials. With the above-mentioned software's, we will construct the graphical 

interpretations of the different physical properties of the perovskite and double perovskite 

materials for solar cell applications. 

 

2. Method of Calcualtions  
 

Using first principle calculations based on density functional theory (DFT), our main 

focus is to study and design perovskite and double perovskite materials with excellent 

electronic properties, high thermal/electrical conductivity, power factor and figure of merit 

at different temperature essential for efficient optoelectronic and thermoelectric device 

applications. DFT is the most successful and accurate techniques used to investigate the 

ground state properties of materials such as semiconductors, insulators, and metals. It was 

developed in 1964 and described by two theorems (presented by Hohenberg and Kohn) 

(Hong et al., 2016). 

 

To explore the electronic properties of perovskite and double perovskite materials, 

we will use different DFT based packages such as VASP (Snyder & Toberer, 2008), 

Quantum ESPRESSO (Liu et al., 2012) and Wien2k (Wolf, Hinterding, & Feldhoff, 2019). As 

DFT has some limitations, show failure for excited states properties and underestimates the 

band gap considerably, predicts a material as a semimetal instead of its experimentally 

found insulating nature. As a result, more sophisticated hybrid functional particularly PBE0 

and HSE06 (Snyder & Toberer, 2008) employed for calculating accurate band gap, will be 

used to overcome these shortcomings. Additionally, phonon calculations will be performed 

to confirm the stability of the systems. For these systems, the thermoelectric response at 

different temperatures will be calculated using BoltzTraP package (Khandy & Gupta, 2020), 

which has been interfaced with VASP, Wien2k and Quantum ESPRESSO packages. The 

figure of merit may be presented as: 
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In equation (2) S is the Seebeck coefficient followed as [22] 
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Where f , )(E ,  , V(E) and   represent the Fermi function, the scattering time, V 

(E) is the Fermi velocity, the chemical potential and thermal conductivity respectively. It 

consists of both lattice ( l ) and electronic thermal conductivity ( el ). Vibrational properties 

for these materials will also be investigated for revising various remarkable physical 

properties. 

 

3. Results and Discussion 

3.1. Structral Properties 
 

Figure 1 displays the atomic bonding view and octahedral aspect of the cubic crystal 

arrangement (Fm3 ̅m_No.225). This framework consists of a pair of cations (Li, Tl) and one 

of three anions (Cl, Br, I), which combine to create octahedrons. The octahedrons of 

sodium and thallium are divided into 12 coordinated places. The spaces of octahedrons are 

filled by Rb atoms (Cai, Hu, Zhuang, & Li, 2019). The structures are optimized for volume 

and lattice properties using energy convergence. The calculated lattice constant (ao) 

demonstrates a rising pattern from chlorine to iodine due to the larger size of the halide 

ions. The Bulk modulus drops as halide ions descend the periodic group, resulting in 

decreased material hardness (Refer to Table 1). 
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Figure 1: Cubic Structural configuration of Rb2LiTlX6 (X = Cl, Br, I) 

 
The stability of the structures has been calculated by Goldschmidt relation 𝑡 = (𝑟𝑅𝑏 +

𝑟𝑋)/√2(𝑟𝐿𝑖/𝑇𝑙 + 𝑟𝑋), Here 𝑟𝑅𝑏, 𝑟𝐿𝑖/𝑇𝑙 
and 𝑟𝑋, are the radii of  Cs, Li, Tl, and X atoms (Ayyaz, 

Murtaza, Naeem, et al., 2024). The accurate value of tolerance factor is from 0.90 to 1.04 

and any less or more values form this limit introduce the instability. The values in Table 1 

report the studied materials are highly stable. Moreover, the formation energy has been 
calculated from the following relation  𝐻𝑓 = 𝐸(𝑅𝑏𝑎𝐿𝑖𝑏𝑇𝑙𝑐𝑋𝑑) − (𝑎𝐸𝑅𝑏 + 𝑏𝐸𝐿𝑖 + 𝑐𝐸𝑇𝑙 + 𝑑𝐸𝑋), where 

𝐸(𝑅𝑏𝑎𝐿𝑖𝑏𝑇𝑙𝑐𝑋𝑑), 𝐸𝑅𝑏, 𝐸𝐿𝑖, 𝐸𝑇𝑙, and  𝐸𝑋 are the energies of Rb, Li, Tl, and X atoms (Fedorovskiy, 

Drigo, & Nazeeruddin, 2020). The calculated heat of formation is shown in Table 1, with the 

negative value indicating the release of energy during compound synthesis (Huma et al., 

2021; Ju et al., 2018; Mahmood, Ghrib, Rached, Laref, & Kamran, 2020). The values drop 

from Cl to I, indicating that chlorides are more suitable for compound production than 

bromides and iodides.  
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Figure 2: Optimization plots for Rb2LiTlX6 (X = Cl, Br, I) showing ground state 

volume and energy 

 

Table 

The calculated parameters for Rb2LiTlX6 (X = Cl, Br, I) 
Parameters Rb2LiTlCl6 Rb2LiTlBr6 Rb2LiTlI6 

ao (Å) 10.48 11.11 12.06 
B (GPa) 25.23 19.25 14.24 
ΔHf (eV) -2.4 -2.0 1.35 
tF 0.98 0.95 0.92 
Eg (eV) 2.62 1.39 0.21 
ε1(0) 2.77 3.42 5.47 
n (0) 1.66 1.85 2.33 

R (0) 0.062 0.089 0.166 

 

3.2. Electronic properties 
 

The band structures of the given compounds has been formulated in the Fig.3 (a-c). 

The BG at Γ have been identified as 2.62, 1.39 and 0.21 eV for Rb2LiTlCl6, Rb2LiTlBr6, and 

Rb2LiTlI6, respectively (refer to Table 1). The significant decrease in band gap caused by the 

different halide ions ranging from Cl to I makes them suitable for many optoelectronic and 

energy-related applications (Ullah, Ali, Murtaza, Khan, & Mahmood, 2020; Ullah, Ali, 

Murtaza, Mahmood, & Ramay, 2020). States in the valence band are dense and closely 

packed within the energy range of zero to -1.0 eV, but the conduction band edge contains 

only one state, which is suppressed by the growing ionic size of halide ions. 
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Figure 3: Band gap arrangement of Rb2LiTlX6 (X = Cl, Br, I) 

 

The flat valence band states and curved conduction band states result in holes 

having much larger effective masses in the valence band in comparison to electrons in the 

conduction band. This also depicts the p-type semiconducting nature of these materials. 

Furthermore, the transitions and recombination of carriers across the band gap have been 

explained by DOS, whose total values for compounds are plotted in Fig. 4 (a-c). and 

separate valence states of Rb, Li, Tl and halogen ions are plotted in Fig. 5 (a-c).  The 

halogen atoms (Cl/Br/I) have significant contribution in the electronic transition and in 

optical performance of the studied materals. 

 

 
Figure 4: TDOS of (a) Rb2LiTlCl6 (b) Rb2LiTlBr6 and (c) Rb2LiTlI6 
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Figure 5: PDOS of (a) Rb2LiTlCl6 (b) Rb2LiTlBr6 and (c) Rb2LiTlI6 

 

3.3. Optical Properties  
 

The photovoltaic characteristics of materials are determined by the band gap, energy 

absorption, and efficiency in processing light into electricity. Fig. 7 displays the optical 

properties of the studied substances within the energy range of 0–6 eV. The optical 

properties of Rb2LiTlX6 (X = Cl, Br, I) compounds have been characterized by the real and 

imaginary dielectric coefficients, ε1(ω) and ε2(ω), respectively (Blaha, Schwarz, Madsen, 

Kvasnicka, & Luitz, 2001; Zhang et al., 2003), which vary with energy. This also 

encompasses the energy which materials either attenuate or absorbed (Alreyahi et al.; 

Jiang et al., 2016). 

 

Fig. 6 (a) presents the calculated real portion of the dielectric constant for Rb2LiTlCl6, 

Rb2LiTlBr6, and Rb2LiTlI6. This component characterizes how the material scatters entering 

photons. The static value of ε1(ω) for Rb2LiTlCl6, Rb2LiTlBr6, and Rb2LiTlI6 are 2.9, 3.5, and 

5.5, respectively, which increases as the band gap decreases (Ayyaz, Murtaza, Ahmed, et 

al., 2024). Moreover, the examined perovskites exhibit maximum ε1(ω) values within the 

visible area. The refractive index n(ω) indicates how light travels across the investigated 

materials (Ayyaz, Murtaza, Shafiq, et al., 2023). The refractive indices at zero frequency, 

n(0), for Rb2LiTlCl6, Rb2LiTlBr6, and Rb2LiTlI6 are 1.4, 1.70, and 1.82. Fig. 6 (b) displays 

peak n(ω) values in 1.7-2.4 eV in the observed photon energy range. The correlation 

between ε1(ω) and n(ω) reveals similar graph trends with greater energy, confirming the 

reliability of the results (Ayyaz, Murtaza, Usman, et al., 2024). 

 

Fig. 6 (c) shows the trend of R(ω) and the computed static reflectance 

measurements R(0) for Rb2LiTlCl6, Rb2LiTlBr6, and Rb2LiTlI6 found below 20%. The values of 

R(λ) in the visible range are also below 20%. All the examined double perovskites, 

Rb2LiTlCl6, Rb2LiTlBr6, and Rb2LiTlI6, have shown the highest capacity of absorbing visible 

light. Fig. 6(d) displays a graph showing the optical energy loss L(ω) for Rb2LiTlCl6, 

Rb2LiTlBr6, and Rb2LiTlI6 double perovskites, indicating very low values (below 35%). These 
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materials absorb most of the incoming energy (Kibbou, Haman, Essaoudi, & Ainane, 2023). 

After a thorough examination of several perovskite materials, such as Rb2LiTlCl6, Rb2LiTlBr6, 

and Rb2LiTlI6, it is being shown that they are crucial for solar cells due to their optical 

properties. 

 

 
Figure 6: The optical parameters ε1(ω), n(ω) R(ω), & L(ω) for Rb2LiTlX6 (X = Cl, 

Br, I) 

 

Fig.7 (a) illustrates the link between the value of  ε2(ω) and energy. The symbol  

ε2(ω) denotes the optical band gap and absorption characteristics. There is no absorption 

evidence seen up to energies below band gap for the above compounds, indicating that the 

expected electronic and optical bandgaps are quite similar. Moreover, α(ω), k(ω), and σ(ω) 

shows the identical pattern to ε2(ω), as shown in Figure 7 (b-d). Two parameters α(ω) and 

k(ω) goven the absorbing capability of the material whereas σ(ω)  indicates the movement 

of charge carriers (Ayyaz, Murtaza, Umer, Usman, & Raza, 2023). Due to similar pattern, 

α(ω), k(ω), and σ(ω) have the greatest values at energy levels of. Therefore, these findings 

suggest that these materials can be utilized in optoelectronic devices and aslo for solar 

energy harvesting applications.  
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Figure 7: The optical parameters ε2(ω), α(ω), k(ω), and σ(ω) for Rb2LiTlX6 (X = Cl, 

Br, I) 

 

4. Conclusion  
 

In short, electronic, optical, and thermoelectric properties of Rb2TiCl6 and Rb2TiBr6 

double perovskites are addressed by first principle calculations. The structural and 

thermodynamic stabilities of both compounds confirmed tolerance factor (0.89-0.96), and, 

negative enthalpy of formation, respectively. The band structures and density of states 

show indirect band gaps 2.62 eV, 1.39 eV, and 0.21 eV for Rb2TiCl6, Rb2TiBr6 and Rb2TiI6, 

respectively. The detailed optical properties show the absorption of light energy is shifted 

from ultraviolet region to infrared region. The band gap Rb2TiBr6 of is considered ideal for 

solar cell applications. Moreover, minimum values of optical and reflectivity also increase 

their significance for optoelectronic and solar cell applications.  
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