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A B S T R A C T   

The double perovskites have emerging optical properties and extensively studied solar cells and renewable en
ergy. In this work, we have investigated the optical, electronic and transport properties of Cs2KTlX6 (X = Cl, Br, I) 
using density functional theory. The thermodynamic stability is determined from the calculation of enthalpy of 
formation and structural stability is probed by computing the tolerance factor. Energy-volume optimization 
graphs reveal that lattice constant increased (11.31–12.80 Å) and bulk modulus decreased (20.46–15.90 GPa) 
with the increasing size of halogens. The optical properties are computed using TB-mBJ which reveals direct 
bandgaps (3.10, 2.0, 0.96) eV for (Cl, Br, I). In addition, the dielectric constant, refractive index, and reflectivity 
has been discussed in detail in the energy range of 0–6 eV. The absorption bands are recorded in infrared, visible 
and ultraviolet regions for Cl, Br and I based DPs. The temperature and chemical potential dependent transport 
properties are computed using BoltzTrap code. The appropriate values of thermoelectric parameters with high 
figure of merit at room temperature show the potential of these DPs for thermoelectric applications.   

1. Introduction 

Continuous increasing population put a high demand of energy 
consumption which is increasing tremendously with the passing years 
[1,2]. Renewable energy resources such as coal and gap are depleting 
rigorously, and these are supposed to be drained out till 2050. Therefore, 
there is an urgent need to look for alternative non-renewable and 
cost-effective energy resources [3,4]. Among these energy sources, solar 
and thermal energies are more reliable sources because solar cells and 
thermoelectric generators are portable devices and could be installed 
easily [5–7]. In this realm, one way is to increase the efficiencies of the 

existing optoelectronic and thermoelectric materials while other way is 
to discover new potential alternatives which is an integral part of this 
renewable energy research [8–12]. Therefore, an extensive research 
work is carried out to replace the Pb with some non-toxic metal to design 
the environment friendly halide based optoelectronic devices [13,14]. 
The materials suitable for optoelectronic devices must have high ab
sorption coefficient, low reflectivity, and high optical conductivity [15, 
16]. Thus, Pb free halide-based perovskites (ABX3) are suitable contes
tant but structural instabilities remained a big issue which motivated 
research community to explore new compositions [17]. 

Halide based double perovskites (DPs) with formula ABB′X6 where A 
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is an alkali metal, B and B′ are transition or post transition metal and X is 
halide ion, received a considerable attention because of their novel 
features which emerge from merging of spin-orbit (SO) coupling, crystal 
field (CF) and Coulomb correlation [18,19]. For instance, transition 
metal (TM) based DPs exhibit exceptional characteristics including, 
suitable and tunable bandgap, highly stable structure, environment 
friendly nature, high charge mobility, half metallicity, thermoelec
tricity, superconductivity and piezoelectricity which are key features 
demanded for modern technological devices [20,21]. The proper 
working of any technological device is strongly influenced by the 
chemical nature of interface forming material in addition to its struc
tural stability which make the study of defects present at the interface 
very crucial [22]. This is because the chemical composition of the 
interface plays a decisive role in controlling the electronic trans
portation at the interface [22]. 

Reports on the realization of wide spectrum applications of DPs, a 
significant work is devoted to exploring the potential of these compo
sitions to meet the requirement of modern-day devices. For example, 
oxide-based DPs revealed extensive potential for advanced applications 
like La2NiMnO6, Bi2NiMnO6, Sr2FeMoO6 [23–26]. Igbari et al. 
comprehensively explored the photovoltaic aspects of double perov
skites in their review article and highlighted the potential of DPs for 
futuristic optoelectronic devices [27–29]. Furthermore, Yan et al. 
experimentally synthesized the high-quality thin films of Cs2AgBiBr6 
which behaved as a self-powered photodetector with 3 orders of 
magnitude increase in on-off ratio and favorable detectability [30,31]. 
Iqbal et al. investigated the optoelectronic properties of Rb2AlInX6 (X =
Cl, Br, I) theoretically and checked their suitability for photovoltaic 
applications [32]. Hu et al. studied the structural, electronic, and optical 
properties of Cs2TlAsX6 using density functional theory and highlighted 
that bandgap value increased from 1.476 to 2.190 eV with decreasing 
ionic radius of halogen from iodine (I) to chlorine (Cl) [33]. Nawaz et al. 
studied the optoelectronic and thermoelectric characteristics of 
Rb2YInX6 (X = Cl, Br, I) for solar cell applications [34]. Over the past 
decade, scientific community focused on the thermoelectric response of 
DPs to check their appropriateness for thermoelectric generators. For 
instance, Aslam et al. inspected Cs2InAgX6 (X = Cl, Br, I) for futuristic 
photovoltaic devices [35]. The thallium element is toxic in its atomic 
form and rarely used for device applications. However, on compound 
formation its nature is changed and not remain harmful for applications. 
Moreover, there is lot of literature on double perovskites in which Tl has 
been used for optoelectronic and thermoelectric applications [36–38]. 
Here in this study, we have theoretically investigated the structural, 
optical, electronic and transport properties of Cs2KTlX6 (X = Cl, Br, I) 
and we believe that this study will provide solid basses for experimen
talists working in this field. 

2. Computational details 

For theoretical investigation of different parameters of Cs2KTlX6 (X 
= Cl, Br, I), we implemented Wein2k code [39] based on DFT and 
employed linearized-augmented plane wave (LAPW) method [40]. First, 
the structure was generated and optimization using Birch-Murnaghan 
equation of states. This structural optimization was carried out 
PBE-GGA approximation by creating a k-mesh of 10 × 10 × 10 in which 
system picked 47 k-points for the calculations. For optical and thermo
electric properties, the kesh is make denser by taking the order 
20×20×20. The product of muffin-tin radii and maximum K-vector RMT 
×Kmax was set to 8 while the value of Gmax was kept as 16. The charge 
convergence criteria were set to 0.00001 Ry. To get the more reliable 
value of bandgap, the band structure was further optimized using 
TB-mBJ [41] because it improves the electronic band gap like experi
mental values. Lastly, the thermodynamic properties of these composi
tions were estimated using semiclassical Maxwell Boltzmann theory 
based BoltzTrap code. [42]. 

3. Results and discussion 

3.1. Structural characteristics 

The unit cell of Cs2KTlX6 (Cl/Br/I) compositions is represented in  
Fig. 1 which is a face-centered cubic structure with space group Fm-3 m 
[43,44]. In this unit cell the positions of Cs, K, Tl and X atoms is (0.25, 
0.25, 0.25), (0, 0, 0), (0.5, 0.5, 0.5) and (x, 0, 0), respectively [43,45]. In 
this unit cell, the yellow-colored atoms, purple-colored atoms, 
ring-colored atoms and green-colored atoms correspond to Cs, K, Tl and 
X atoms, respectively. 

The GGA-PBEsol was employed to explore the ground state structural 
parameters of the studied compositions. The computed lattice parame
ters ao (Å) and bulk moduli Bo (GPa) of Cs2KTlCl6, Cs2KTlBr6 and 
Cs2KTlI6 are given in Table 1. The values of ao (Å) increased from 
11.31 Å to 12.05 Å and 12.80 Å and values of Bo (GPa) decreased from 
20.46 GPa to 18.18 GPa and 15.90 GPa when Cl is replaced with Br and I 
[46]. To further examine thermodynamic stability formation energy has 
been computed by the chemical equation as [47]. 

Hf = E(CsaKbTlcXd ) − (aEcs + bEK + cETl + dEX) (1) 

Here E(CsaKbTlcXd), Ecs, EK, ETl, and EX are energies of Cs2KTlX6, Cs, K, Tl, 
and X atoms, respectively. The constants (a, b, c, d) are the number of 
elements in the balanced chemical equations. We have computed the 
energy of individual elements (Cs, K, Tl X) and the compounds Cs2KTlX6. 
The difference of energy has been measured as formation energy ( Hf ) as 
presented in Table 1. A decrease from − 2.33 to − 2.30 and − 2.23 was 
observed in the values of ΔH for Cs2KTlCl6, Cs2KTlBr6 and Cs2KTlI6 
compositions, respectively. The endothermic phase decomposition 
confirmed the structural stability of all these compositions as repre
sented by the negative values of ΔH. Goldsmith tolerance factor is a key 
parameter which determine the structural stability of perovskites. The 
stable structures must have the value of tolerance factor (tf) in between 
0.81 and 1.11 [48,49]. For present study, the values of tf was 0.94, 0.92 
and 0.87 for Cs2KTlCl6, Cs2KTlBr6 and Cs2KTlI6, respectively and pro
vided in Table 1. 

3.2. Electronic characteristics 

The materials can be differentiated as metal, semiconductors or in
sulators on the basis of their bandgap values, carrier concentration and 
carrier mobilities. Hence, the electronic characteristics including band 

Fig. 1. Crystal structure of Cs2KTlX6 (X = Cl, Br, I) DPs in polyhedral form.  

H. Albalawi et al.                                                                                                                                                                                                                               



Materials Today Communications 32 (2022) 104083

3

structure of materials under consideration are examined to check their 
nature either they are metallic or semiconductors so that their applica
tions can be specified in various places. Fig. 2 (a-c) shows the band 
structure of these three compositions. These results are accurately 
computed using the TB-mBJ potential. The famous property of halide- 
based perovskites is their tunability of bandgap as their bandgap is 
reduced with the increase in radius of the halide ions [50]. From Fig. 2 
(a-c), it is noticed that the top of valence bands and bottom of conduc
tion bands of all three compositions appeared at same Γ-point so they 
have direct band gaps showing their semiconducting nature [45]. The 
replacement of Cl with Br and I in Cs2KTlCl6 composition caused a 
decrease in bandgap energy Eg(eV). The measured values of bandgap 
energies for composition Cs2KTlX6 were 3.10, 2.0 and 0.96 eV, 
respectively. 

The density of states plots provide better insight of contributing 
states in band formation. The plot of PDOS of Cs2KTlCl6, Cs2KTlBr6, and 
Cs2KTlI6 DPs are shown in Fig. 3 (a-c). These graphs show that s states of 
Cs and K and p states of Tl and X are responsible for valence and con
duction band formation. The edges of both bands are decorated by the p 
states of X. The position of p states in the valence band is fixed i.e. at the 
fermi level, while p state in the conduction band moves down towards 
fermi level as the ionic radius of the halogen atom increases. This 
movement of p-state in the conduction band is responsible for the 
reduction of bandgap. The bandgap values of Cs2KTlCl6 are found to be 
3.10 eV which decreased to 2.0 and 0.96 eV when Cl is replaced by Br 
and I in the compositions [50]. Thus, substitution of halogens in the 
double perovskites is a sophisticated approach for their bandgap engi
neering which is required for their potential application for futuristic 
devices. 

3.3. Optical characteristics 

Sensitivity of any material towards light and its ability to convert it 
into electrical energy make it crucial for optoelectronic devices [51]. 

When light falls on semiconductor material having suitable bandgap, it 
generates electron hole pairs which when recombine gives electrical 
energy which could be utilized to perform multiple tasks. Fig. 4 (a) 
represents the plots of real part of dielectric constant ε1 (ω), imaginary 
part of dielectric constant ε2 (ω), refractive index n (ω) and absorption 
coefficient α (ω) in the energy range of 0–6 eV. When light interacts with 
the medium, it polarizes the medium which is quantified by the value of 
ε1 while the energy losses due to dispersion of light are measured by the 
value of ε2 (ω) [52]. The value of ε1(ω) at 0 eV is called static dielectric 
constant ε(0). The measured values of ε(0) are given in Table1 as 2.59, 
3.0 and 3.37 for Cs2KTlCl6, Cs2KTlBr6 and Cs2KTlI6, respectively. The 
value of ε1(ω) increased with increasing energy of the incident light and 

Table1 
Structural and optical parameters of Cs2KTlX6 (X = Cl, Br, I).  

Property Cs2KTlCl6 Cs2KTlBr6 Cs2KTlI6 

Lattice constant ao (Å)  11.31  12.05  12.80 
Bulk modulus Bo (GPa)  20.46  18.18  15.90 
Enthalpy of formation Hf (eV)  -2.33  -2.30  -2.23 
tolerance factor tf  0.94  0.92  0.87 
Band gap Eg(eV)  3.10  2.0  0.96 
Static dielectric constant ε1(0)  2.59  3.0  3.37 
Static refractive index n(0)  1.61  1.74  1.93 
Reflectivity R (0)  0.054  0.072  0.101  

Fig. 2. Electronic band structures of (a) Cs2KTlCl6, (b) Cs2KTlBr6 and (c) Cs2KTlI6.  

Fig. 3. density of states of (a) Cs2KTlCl6, (b) Cs2KTlBr6, and (c) Cs2KTlI6.  
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show the peaks which are called relaxation peaks. From the position of 
these peaks, we can calculate the relaxation frequency or relaxation time 
[53]. The static value of ε1 (ω) increased with increasing size of halogen 
which is attributed to the increasing polarizability of larger halogens. In 

addition, the position of relaxation peaks is shifted towards lower energy 
which is because relaxation frequency is inversely proportional to the 
net mass of oscillating atom [54]. The numerical value of refractive 
index n (ω) in the optical frequency range is determined by taking the 

Fig. 4. (a) ε1(ω) (b) n (ω), (c) ε2 (ω) and (d) α (ω) of Cs2KTlX6 (X = Cl, Br, I).  

Fig. 5. (a, b) electrical conductivity (σ) and (c, d) thermal conductivity (κe) versus μ and T of Cs2KTlX6 (X = Cl, Br, I).  

H. Albalawi et al.                                                                                                                                                                                                                               



Materials Today Communications 32 (2022) 104083

5

square root of ε1 (ω). This is the reason why n shows the identical 
behavior as that of ε1 (ω) with small values. The computed values of n 
(ω) for Cs2KTlCl6, Cs2KTlBr6 and Cs2KTlI6 are 1.61, 1.74 and 1.93, 
respectively. The variation of n (ω) with energy is shown in Fig. 4(b) 
while the variation of ε2 (ω) against energy is shown in Fig. 4(c). The 
peaks appear in these graphs quantifies the energy loss because of 
interaction of light with materials. Fig. 4(d) represents the graph of 
absorption coefficient α (ω) in the energy range 0–6 eV. It shows the 
identical trend as that of ε2 (ω) which indicates that the peaks in graph ε2 
(ω) correspond to the energy loss caused by the absorption of the ma
terial [55]. The absorption of light started at 3 eV energy for Cs2KTlCl6, 
at 2 eV for Cs2KTlBr6 and then at 1 eV for Cs2KTlI6. 

3.4. Thermal characteristics 

The material capable to change waste heat into electrical energy are 
termed as thermoelectric material and is potential candidate for energy 
harvesting technology [56]. The efficiency of thermoelectric material is 
computed in terms of dimensionless quantity called figure of merit that 
depends upon the electrical (σ) and thermal (κ) conductivities, Seebeck 
coefficient (S) and Power factor (PF). A suitable thermoelectric material 
is supposed to have higher values of all these parameters except thermal 
conductivity [57]. Usually, the ratio of electrical to thermal conductivity 
is 106 at any given temperature [58]. The Fig. 5 (a, b) represent the 
variation of σ versus chemical potential (µ) and temperature (T). The 
chemical potential quantifies the energy needed to add an electron in the 
system to overcome the repulsion of the system. It could have positive 
and negative values for n-type and p-type semiconductors [59]. In the 
given window of the chemical potential, the σ increased with increase in 
size of the halogens which is attributed to loosely bound and readily 
available valence electrons of halogens. An increasing trend in σ with 
temperature is observed. Since, the value of σ depends on the avail
ability of the free carriers so the increasing conductivity with tempera
ture indicates the increase in carrier concentration [60]. This carrier 
concentration increases due to the thermally broken bonds. The value of 
κ shows almost similar trend as that of the σ as shown in Fig. 5(c, d). The 

shifting of peaks towards lower µ may be due to the reduction in their 
bandgap values. The thermally generated charge carriers are responsible 
for the thermal conductivity [61]. The increase in the value of κ with 
temperature reflects that thermally generated charge carriers are 
increased. 

The temperature gradient within the material defines the direction 
for electronic transportation. The temperature gradient of potential is 
termed as Seebeck coefficient (S) and play a determinantal role in 
probing the thermoelectric performance of the material. The variations 
of S and PF with respect to µ and temperature T are given in Fig. 6 (a, b). 
For good thermoelectric materials, the value of S should be around 
200 µV/K [62]. These is a slight change in S for p-type region and a 
significant saw tooth variation in the n-type region. The value of S varies 
from 3.2 mV/K to − 3.2 mV/K which reflect the fact that majority 
charge carriers’ switches from electrons to holes. In present study, the 
value of S was around 200 µV/K which decreased with increasing T and 
shows that increasing temperature reduced the concentration gradient 
and tries to make distribution of charge carrier’s uniform. In addition, 
this variation may be due to the change in band structure or increase in 
electrical conductivity of the material. 

Usually the thermoelectric performance of any material is judged by 
two different parameters which are power factor (PF) and figure of merit 
(ZT). PF determines the performance of the material by the combined 
effect of S and σ without considering the κ, whereas ZT also includes the 
thermal part of the conduction. The change of PF with µ and T are shown 
in Fig. 6 (c, d). The highest peaks of PF appeared in the negative value of 
µ which may be due to the presence of charge carriers [63]. When it is 
plotted versus T, it exposed almost same value at 0 K for all compositions 
which increased with T. The maximum increase in PF at higher T is 
observed for I based composition which may be due to the presence of 
larger number of charge carriers due to larger atomic number. 

The T and µ dependent ZT is presented in Fig. 7(a, b). The peaks of ZT 
in the provided range of µ approaches unity which highlighted the 
importance of these material for thermoelectric device applications 
[64]. The value of ZT is decreased with increasing T value and noticed as 
0.6 at RT for Cl based compositions and increased to 0.8 when Cl is 

Fig. 6. (a, b) Seebeck coefficient (S), and Power factor (S2σ) versus μ and T of Cs2KTlX6 (X = Cl, Br, I).  
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replaced with Br and I which highlighted the suitability of these com
positions for TE applications. The contribution of phonons in thermal 
conductivity can be estimated from the computed values of specific heat 
capacity (CV) [65]. The computed values of CV against µ and T are 
plotted in Fig. 7(c, d). The maximum peaks are shown in negative value 
of µ. The peaks appeared in positive µ range shifts towards 0 when larger 
halogens are placed in these DPs. The value of CV increased linearly with 
increasing T and with the provided T range it did not get saturated. Most 
of the solids reach their saturation value when temperature exceeds 
Debye temperature. 

4. Conclusion 

In summary, we have computed the optical and transport properties 
of Cs2KTlX6 (X = Cl, Br, I) using DFT based Wien2k software. The 
thermodynamic and structural stabilities of these DPs were evaluated by 
computing the negative enthalpy of formation (− 2.33 to − 2.23 eV) and 
Goldsmith tolerance factor (0.94–0.87). The band structure revealed the 
significant contribution of p-states of halogens and Tl atoms in shaping 
the edges of valence and conduction bands. The movement of this p-state 
in conduction band towards fermi level on substitution of Cl with Br and 
I decrease the bandgap from 3.10 to 0.96 eV which make them diverse 
materials for optoelectronics from infrared to ultraviolet regions. The 
maximum absorption in visible range for Cs2KTlBr6 makes it potential 
material for solar cells. However, the static values of dielectric constant 
and refractive index increased from 2.59 to 3.37 and 1.61–1.93, 
respectively. The large values of figure of merit in temperature low 
temperature range and at 300 K increase their potential for thermo
electric generators. 
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