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Abstract
This work utilizes density functional theory (DFT) to analyze the structural, thermodynamic, mechanical, electro-optic, and 
electron transport characteristics of  Rb2CuAsX6 (X = F, Cl, Br) perovskites. The impact of occupancy of different halide ions 
at the X-site on the thermodynamic, mechanical, optical, and thermoelectric response of studied compounds has also been 
evaluated. The investigation of the elastic parameters and formation energy has confirmed that the examined perovskites are 
cubic in structure, stable, and ductile. The thermodynamic characteristics that rely on temperature are estimated using the 
quasi-harmonic Debye approach. The thermal features such as entropy, heat capacity, and Debye temperature are calculated 
and analyzed to assess the stability at elevated temperatures and the suitability of compounds for industrial applications. 
The band structure computations identified  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 are p-type semiconductors with 
indirect band gaps of 1.25, 1.10, and 0.83 eV, respectively, which decreases while substituting F with Cl and Br. The optical 
characteristics such as strong optical absorption (>  105  cm−1) and minimal dispersion in the visible and ultraviolet spectrum 
highlight their suitability for solar energy conversion and optoelectronics. Additionally, thermoelectric characteristics have 
been determined, showing a higher thermoelectric figure of merit (ZT) value of 0.80, 0.79, and 0.78, respectively, at room 
temperature. Our research anticipates these perovskite combinations exhibit superior photoelectric and thermoelectric effi-
ciency, rendering them potential prospects for advanced photovoltaic and thermoelectric devices.

Keywords Halide double perovskites · DFT · Elastic · Optical properties · Figure of merit

1 Introduction

Presently, with social advancements, there is an increas-
ing tendency towards energy-efficient and environmentally 
friendly solutions. These technologies have the potential to 
substitute conventional fossil fuels with carbon-containing 

alternatives while ensuring a continuous supply of electricity 
[1, 2]. Scientific societies have expressed curiosity regarding 
technologies such as solar cells, water splitting, and ther-
mal electricity due to their potential to confront energy con-
cerns [3–5]. Multiple components are now being explored 
to enhance such technologies, with a specific emphasis on 
maximizing efficiency, and functionality, and reducing envi-
ronmental harm. Currently, experimentally and theoretically 
evidenced double perovskites are widely regarded as adapta-
ble materials, as a consequence of their diverse range of uses 
[6–8]. Double perovskite compounds have recently attracted 
significant interest owing to their prospective uses in several 
fields, such as LEDs, radiation detectors, photovoltaic cells, 
sensors, fuel cell technology, thermal electricity, catalytic 
activity, and various other fields [9–13]. Over the last two 
decades, a notable surge in concern regarding the produc-
tion of perovskite solar cells has developed because of their 
excellent performance and cost-effectiveness. The experi-
mentally achieved power conversion efficiency has increased 
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from 3.8% in 2009 to 25.5% in 2021. These unique qualities 
allowed it to exceed the performance of traditional thin-film 
solar cells [14–16], because of its adequate bandgap, supe-
rior absorption coefficient, and almost identical effective 
masses of charge carriers [17]. The lead-based perovskite 
combinations are toxic and unstable in long-term exposure 
to humidity, light, and heat, which hinders their integration 
into innovative technological applications [18–20].

Halide-based double perovskites, represented by the for-
mula  A2M+M3+X6, have become a promising alternative 
to lead-based perovskites for use in photovoltaic cells [21], 
electronic components [22], and thermoelectric systems 
[23]. These perovskites offer the capability for improved 
stability and decreased toxicities while yet retaining high 
performance. Various experimental and computational 
investigations are being carried out on Cs-based perovskite 
materials with the chemical formula  Cs2M+M3+X6 (where 
 M+ =  Ag+,  Ga+,  Cu+, etc.,  M3+ =  Bi3+,  In3+ and X =  Cl−, 
 Br−,  I−). McClure et al. researched  Cs2AgBiX6 (X = Cl, 
Br), which had band gaps of 2.7 eV and 1.9 eV, respec-
tively. Nevertheless, these bandgaps are above the Shock-
ley–Queisser band gap threshold for the most efficient solar 
cells, leading to a decreased efficiency of approximately 
2.5%. Furthermore,  Cs2AgBiBr6 has been demonstrated to 
be unstable when subjected to ambient air and light for an 
extended period [24, 25]. Therefore, it is advantageous to 
investigate the advancement of double perovskites because 
of their exceptional potential. Several scientists have done 
computational research to investigate the electrical, optical, 
and thermoelectric properties of different perovskite materi-
als [26, 27].  Cs2YAuX6 (X = Cl, Br) [28] and  Cs2TIAsX6 
(X = Cl, Br, I) [29] have been identified as feasible materials 
for solar energy and optoelectronic applications due to their 
appropriate band gaps, low effective masses, strong light 
absorption, and low reflectivity. Moreover, several combi-
nations  Rb2CuBiX6 (Cl, Br) [30],  Cs2AgAsX6 (X = Cl, Br, 
I),  Rb2AgAsX6 (X = Cl, Br, I) [31], and  Na2AgAsX6 (Cl, 
Br) [32] have been explored having higher absorbance and 
higher figure of merit values, which suggest their capabil-
ity for renewable energy production. These investigations 
provide valuable insights into the chemical element com-
binations used in perovskite materials and motivated us to 
explore novel combinations containing copper (Cu) and 
arsenic (As) as two monovalent and trivalent cations. This 
stable combination might have exceptional electro-optic and 
electron transport features.

The primary aim of the current study is to forecast 
novel materials with improved optoelectronic and electron 
transport characteristics using density functional theory 
for energy technology. This paper examines the struc-
tural stability, thermodynamic, elastic, electro-optic, and 
thermoelectric properties of the  Rb2CuAsX6 (X = F, Cl, 
Br) perovskites. This article also highlights the impact of 

different halide ion occupancies on the aforementioned 
properties. The materials  Rb2CuAsX6 (X: F, Cl, Br), as far 
as we are aware, have not been the focus of any theoretical 
or experimental investigation. We expect that our research 
will provide essential insights for forecasting lead-free 
double perovskite materials suitable for upcoming ther-
moelectric devices and solar energy harvesting.

2  Methodology

The perovskites  Rb2CuAsX6 (X = F, Cl, Br) were analyzed 
using the Wien2k code. This code is based on the princi-
ples and concepts of density functional theory, which are 
implemented using the full potential linearized augmented 
plane wave (FP-LAPW) approach [33]. The wave function 
of an electron gas has been determined in relation to the 
electron density using the Schrödinger wave equation. The 
spherical and plane wave solutions are allocated to the 
muffin-tin and interstitial areas by maintaining a constant 
potential in each zone. The structural analysis used the 
Perdew–Burke–Ernzerhof generalized gradient approxi-
mation (PBE-GGA) to optimize the structures and accu-
rately determine the ground state components [34]. This 
approach undervalues the band gap and electronic behav-
ior. The Tran–Blaha modified Becke–Johnson (TB-mBJ) 
potential, known for its versatility and excellent accuracy, 
was applied over the calculations of PBE-GGA to adjust 
the band gap [35]. This adjustment is especially benefi-
cial for improving the accuracy of bandgap estimates in 
materials where there is a significant impact of dominant 
electron–electron interactions [36]. The  Gmax (Gaussian 
factor) and ℓ (angular momentum) were set at 8.0 and 10, 
respectively, which are key criteria for software to man-
age program execution. The energy convergence of the 
precise Hamiltonian of the structure is achieved by setting 
the muffin-tin radius  (RMT) and wave vector product to 10. 
The k-mesh order is another feature that might influence 
convergence. The k-points are chosen in a 20 × 20 × 20 
grid to create a dense mesh that converges the energy to 
within 0.01 mRy. The optical investigation was conducted 
using the Kramer–Kronig relation [37], whereas the ther-
moelectric study was performed using the BoltzTraP code 
[38]. Moreover, thermodynamic aspects were calculated 
by using the GIBBS2 code [39]. An appropriate  RMT 
radius aims to reduce the overlapping of muffin-tin spheres 
between neighboring atoms. This gap is essential for accu-
rately representing atom-atom interactions and position-
ing electrons in close proximity to atoms [26]. The  RMT 
values for constituents Rb, Cu, As, and X (F, Cl, Br) were 
selected as 2.0, 1.6, 1.9, and 1.8, respectively.
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3  Results and Discussion

3.1  Structure and Stability

The structural features of  Rb2CuAsX6 (X = F, Cl, Br) com-
pounds have been optimized in the cubic phase with space 
group Fm-3m using the PBE-GGA functional method, which 
is crucial for improving the long-term stability of the com-
pounds being analyzed [40, 41]. The overall energy of the 
double perovskite being examined is equal to the system's 
lowest energy state. The Murnaghan equation of state is a 
commonly used mathematical model in materials science to 
explain the relationship between a crystal lattice’s volume 
and its total energy. It gives a clear and precise explanation 
of the relation between the equilibrium lattice parameter, 
volume, energy, and bulk modulus. The lattice parameters 
are optimized using the Murnaghan equation of state to ana-
lyze the anticipated energy curve  (ETotal) and determine key 
parameters including equilibrium lattice parameter, ground 
state volume  (V0), and ground state energy  (E0) by the rela-
tion [42]:

The cubic arrangement of  Rb2CuAsX6 (X = F, Cl, Br) 
with space group Fm-3m is displayed in Fig. 1. Perovskites’ 
structure and stability may be better understood by the Gold-
smith tolerance parameter, which accounts for the effect of 
different cation sizes at the A and B locations. It allows us 
to determine if a specific combination of ions may produce 
a flawless perovskite structure, or whether particular defects 
and instabilities are more likely to occur. The stability of 
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the structure linked to the Goldsmith tolerance factor (τ) is 
calculated using the formula [43]:

where  rRb,  rX,  rCu, and  rAs represent the ionic radii of Rb, 
X (F, Cl, Br), Cu, and As atoms, respectively. The mate-
rial maintains a stable cubic perovskite structure within a 
tolerance factor range of 0.7 to 1.11 [44]. The optimized 
double perovskite’s total energy changing with volume is 
presented in Fig. 2, while Table 1 presents the calculated 
equilibrium features of investigated materials. The tolerance 
factor values of  Rb2CuAsX6 (X = F, Cl, Br) suggest that 
their composition is stable, as given in Table 1.

Thermal stability has been confirmed by the computation 
of formation energy  (EF) as well as Gibbs free energy (G) 
[45],  EF is determined using the formula [46]:

Moreover, thermal stability is further verified by the 
negative values of Gibbs free energy resulting from excess 
energy given up bringing the structure towards equilibrium. 
The values of  EF and G are given in Table 1 which ensures 
that the studied materials are thermally stable.

3.2  Thermodynamic Properties

The thermodynamic characteristics that rely on temperature 
are estimated using the quasi-harmonic Debye approach 
[47–49]. Since the quasi-harmonic Debye concept is com-
pletely valid throughout the temperature range of 0 to 600 K, 
Figure 3 displays the volume (V), bulk modulus (B), entropy 
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Fig. 1  FCC structure in 2D and 
3D for  Rb2CuAsX6 (X = F, Cl, 
Br)
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(S), molar specific heat  (CP), and Debye temperature (θD) for 
 Rb2CuAsX6 (X = F, Cl, Br).

The correlation between volume and temperature for 
 Rb2CuAsX6 (X = F, Cl, Br) is justified in Fig. 3a. The 
volume of the observed three materials varies directly 
with temperature due to the expansion of material with 
increasing temperature. Meanwhile, the bulk modulus fol-
lows a downward trend with an increase in temperature for 

the investigated materials. The variation in bulk modulus 
with temperature may be due to the fact that temperature 
causes an expansion in the separation between atoms, 
leading to an increased unit cell volume and therefore a 
drop in bulk modulus. The inverse correlation of B with 
temperature is plotted in Fig. 3b. Therefore, based on the 
B values at 300 K, it is evident that  Rb2CuAsF6 would 
exhibit greater stiffness in comparison to the  Rb2CuAsCl6 

Fig. 2  Optimization graphs showing energy versus volume curves of  Rb2CuAsX6 (X = F, Cl, Br)

Table 1  Optimized values of 
structural and stability aspects 
of  Rb2CuAsX6 (X = F, Cl, Br)

Structural parameters Rb2CuAsF6 Rb2CuAsCl6 Rb2CuAsBr6

Lattice constant (Å) 8.65 10.22 10.82
Volume at ground state  (V0) 1093.8052 2567.9356 2625.5596
Ground state energy  (E0) − 116,238.4615 − 108,913.8384 − 143,699.4665
Bulk modulus (B) 56.55 31.71 25.67
Bulk modulus derivative 5.0 5.0 5.0
Tolerance factor ( τ) 0.93 0.96 0.83
Ef (eV  atom−1) − 1.37 − 1.22 − 1.05
G (KJ  mol−1) − 2.75×107 − 3.32×107 − 6.7×107
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and  Rb2CuAsBr6. Entropy (S) is an inherent attribute 
that quantifies the degree of disturbance or randomness 
inside a system's structure [50]. Figure 3c illustrates the 
relationship between entropy and temperature. It shows a 
proportional rise in entropy at temperatures above 100 °C, 
indicating an improvement in structural irregularity. The 
values of S are found to be higher for  Rb2CuAsBr6 than 

 Rb2CuAsF6 and  Rb2CuAsCl6 showing greater disorder in 
 Rb2CuAsBr6.

Furthermore, the relationship between specific heat at a 
fixed pressure  (CP) and temperature is illustrated in Fig. 3d. 
This parameter is crucial in thermodynamics since it offers 
insights into vibrational characteristics, phase transitions, 
and other related aspects [51]. The figure illustrates a quick 

Fig. 3  Variation against temperature in a volume b bulk modulus c entropy d specific heat e thermal expansion f Debye temperature for 
 Rb2CuAsX6 (X = F, Cl, Br)
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rise in the value of  CP at lower temperature values ranging 
from 0 to 200 K, while beyond 200 K, there is a steady rise 
in  CP. At a temperature of 300 K, the computed specific heat 
capacity was 241.52 J  mol−1  K−1, 253.88 J  mol−1  K−1, and 
260.45 J  mol−1  K−1 for  Rb2CuAsF6 and  Rb2CuAsCl6, and 
 Rb2CuAsBr6, respectively. Furthermore, Fig. 3e displays the 
relationship between the thermal expansion coefficient α and 
temperature. The thermal expansion coefficient offers impor-
tant information on the interatomic bonding and melting 
temperature of material [52]. The data shows that the value 
of α grows as the temperature rises. The rate of increase in 
α is faster at low temperatures (up to 200 K) and slower at 
high temperatures (beyond 200 K).

The slow growth of α above 200K is because α becomes 
saturated at this temperature. The room temperature (300 K) 
values of α are 10.87  K−1, 12.24  K−1, and 12.98  K−1, respec-
tively, for  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6. 
A lower value of α for  Rb2CuAsF6 in comparison to the 
 Rb2CuAsCl6 and  Rb2CuAsBr6 indicates stronger bonding, 
resulting in a greater melting temperature. The Debye tem-
perature ( θ

D
 ) is used to describe the activation of phonons 

and assess different lattice thermal features and the suit-
ability of compounds for industrial applications. Higher θ

D
 

leads to increased energy phonon modes by hindering the 
soft phonon mode lacking radiation relaxation, resulting in 
increased emission of photons. Conversely, lower θ

D
 , which 

typically includes a higher soft phonon mode, can facilitate 
non-radiative relaxation [52].  Rb2CuAsF6 has a higher θ

D
 of 

336 K at 300 K, compared to  Rb2CuAsCl6 and  Rb2CuAsBr6 
which have 245.39 K and 184.39 K, as shown in Fig. 3f.

3.3  Elastic Properties

3.3.1  Elastic Constants and Mechanical Stability

Elastic constants are physical characteristics used to assess 
the mechanical stability as well as durability of a solid and 
to identify its brittle or ductile nature. Knowledge of elastic 
constants is crucial for evaluating a solid’s suitability for 
mechanical and engineering purposes [53]. Elastic constants 
 (Cij) for the three double perovskites  Rb2CuAsX6 (X = F, 
Cl, Br) are found using density functional theory (DFT) and 
are listed in Table 2. The three distinct elastic stiffness coef-
ficients,  C11,  C12, and  C44, obtained by density functional 
theory (DFT), meet the necessary conditions for mechani-
cally stable cubic structures. The conditions are stated as 

follows:  C11 must exceed the absolute magnitude of  C12, 
 C11 +  2C12 must be positive, and  C44 should exceed zero 
according to the Born elastic stability criterion [54–57]. As 
a result, the Born criterion states that the double perovskites 
 Rb2CuAsX6 (X = F, Cl, Br) are mechanically stable. Spe-
cific mechanical parameters like bulk modulus (B), Young’s 
modulus (Y), and shear modulus (G) may be determined 
using the following formulae:

The calculations show that the bulk modulus (B) for the 
compound  Rb2CuAsF6 is 55.77, which is greater than that of 
 Rb2CuAsCl6 (31.43) and  Rb2CuAsBr6 (25.46), as reported in 
Table 2. When these compounds are compressed from each 
direction,  Rb2CuAsF6 shows more resistance to the changes in 
volume than  Rb2CuAsCl6 and  Rb2CuAsBr6. The shear modu-
lus (G) is a key parameter that defines the resistance to stress 
of a material. The shear modulus measurements indicate that 
 Rb2CuAsF6 has a greater shear modulus (20.66) compared to 
 Rb2CuAsCl6 (10.89) and  Rb2CuAsBr6 (8.44). The findings 
show that  Rb2CuAsF6 has better hardness and stronger resist-
ance against deformation than  Rb2CuAsCl6 and  Rb2CuAsBr6. 
The Young modulus (Y) is a quantity that defines the intrinsic 
stiffness of a certain material. According to Table 2, the data 
clearly shows that  Rb2CuAsF6 has also a larger value of Y 
(55.17) compared to  Rb2CuAsCl6 (29.28) and  Rb2CuAsBr6 
(22.77), suggesting that  Rb2CuAsF6 has more stiffness. 
The Poison ratio (ʋ) offers vital information on a material’s 
mechanical characteristics, including its ductility or brittleness. 
Materials having a Poisson’s ratio (ʋ) above 0.26 are catego-
rized as ductile, while materials with a Poisson’s ratio less 
than 0.26 are regarded as brittle. The investigation found that 
the value of ʋ is above 0.26 for all materials [58]. The results 
concerning ʋ indicate that the materials being studied display 
ductile properties. The B/G ratio, often known as Pugh’s cri-
terion, is a measure also used to assess ductility or brittle-
ness. According to Pugh’s criterion, a material is considered 
ductile if the ratio of bulk modulus (B) to shear modulus (G) 
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Table 2  Elastic stiffness 
coefficients, elastic moduli, 
Pugh’s ratio, and anisotropy of 
 Rb2CuAsX6 (X = F, Cl, Br)

Compounds C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) G (GPa) Y (GPa) B/G ʋ A

Rb2CuAsF6 106.83 30.24 13.59 55.77 20.66 55.17 2.69 0.33 0.35
Rb2CuAsCl6 51.79 21.25 8.66 31.43 10.89 29.28 2.88 0.34 0.56
Rb2CuAsBr6 38.46 18.92 7.63 25.46 8.44 22.77 3.01 0.35 0.78
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surpasses 1.75, and it is classed as brittle if the B/G ratio gets 
lower than 1.75 [59]. This criterion also verifies the ductile or 
flexible nature of all compounds since the B/G ratio is greater 
than 1.75.

3.3.2  Anisotropic Properties

Microscopic fractures in a material may be identified by ana-
lyzing its anisotropic characteristics. The anisotropic factor (A) 
evaluates the structural homogeneity or variation of a material 
across different orientations and is determined by a formula:

(8)A =
2C

44

C
11
− C

12

When A = 1, the medium is termed isotropic; however, if 
0 < A < 1 or A > 1, then the material is regarded as aniso-
tropic [60]. The values of A indicate that the materials being 
studied exhibit anisotropic behavior.

To examine anisotropy, Fig. 4 shows three-dimensional 
visualizations of Young’s modulus of a single crystal 
along certain crystallographic orientations for  Rb2CuAsX6 
(X = F, Cl, Br). Materials used for advanced manufac-
turing and engineering fields need to possess substantial 
anisotropy. The graphs were created using the SC-EMA 
approach [61–63] and were derived from computations. 
Both the color scheme and the axes depict Young's modu-
lus in GPa showing a strong association with the direction. 
All directional surfaces obtained show significant defor-
mations compared to a spherical shape, confirming that 
mechanical properties vary with direction and indicating 

Fig. 4  Young’s modulus in 3D along various orientations for  Rb2CuAsX6 (X = F, Cl, Br)
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the strong elastic anisotropy of the materials studied. For 
the materials under study, the anisotropy level decreases 
in the order:  Rb2CuAsF6 >  Rb2CuAsCl6 >  Rb2CuAsBr6. 
Moreover, the highest Young's modulus value is in the [100], 
[010], and [001] orientations decreasing in a similar order: 
 Rb2CuAsF6 >  Rb2CuAsCl6 >  Rb2CuAsBr6, indicating that 
stiffness is decreasing along with anisotropy. These out-
comes suggest greater mechanical strength and anisotropy 
in  Rb2CuAsF6 than in  Rb2CuAsCl6 and  Rb2CuAsBr6.

3.4  Electronic Properties

This study analyzed the electronic features of  Rb2CuAsX6 
(X = F, Cl, Br) by computing the band structure, total den-
sity of states (TDOS), and partial density of states (PDOS). 
The band structures have been determined by applying two 
approaches (PBE-GGA, and TB-mBJ approximation) due 
to the absence of prior experimental as well as theoretical 
data for comparison, in order to strengthen the validity of 
our findings [64].

The band energies are computed using PBE-GGA and 
TB-mBJ potentials to illustrate the band configuration. 
The band gap  (Eg) values are calculated at the W, X, L, 
K, and Γ symmetric locations using PBE-GGA , as men-
tioned in Fig. 5. The  Eg values using the PBE-GGA frame-
work are underestimated and found to be 0.97, 0.59, and 
0.26 eV. Moreover, the computation has been improved 
using the TB-mBJ approximation, as shown in Fig. 6, along 
the high-order symmetry directions W, X, L, K, and Γ for 
 Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6. The standard 
band gap values increased to 1.25 eV for  Rb2CuAsF6, 1.10 
eV for  Rb2CuAsCl6, and 0.83 eV for  Rb2CuAsBr6. This 
boost is due to the TB-mBJ exchange potential pushing the 

conduction bands composed of specific electronic states, 
beyond the Fermi level. The band gap values of the current 
materials drop as the halide ionic size increases from F to 
Br, as seen in Table 1. Due to the smaller ionic radius of Br 
compared to Cl and F, replacing Br with Cl and F results in 
a red shift in the band gap. Therefore, this implies that the 
examined materials are suitable for application in optoelec-
tronics, photovoltaics, and energy-harvesting devices.

The patterns of TDOS show uniform densities as well 
as band gaps confirmation of the analyzed perovskites. The 
total density of states (TDOS) below the Fermi level  (EF) is 
higher than in the conduction band (CB), suggesting a p-type 
conductivity. Furthermore, the significant variation in the 
highest valence band along L–Γ–X results in a low effective 
mass for the holes, leading to strong mobility and exhibiting 
p-type conductivity. The states in the highest valence band 
along X–W–K are partially flat, indicating the presence of 
a low-occupied orbital at the Fermi level. This may also be 
associated with the comparatively large effective mass of 
holes [65].

Partial densities of states (PDOS) are analyzed to under-
stand the contributions of Rb, Cu, As, and X elements to the 
valence bands (VBs) and conduction bands (CBs), aiding in 
the full assessment of the electronics structure’s impact on 
device functionality. The outcomes obtained from the TB-
mBJ potential are shown in Fig. 7. The PDOS is important in 
governing the possible electronic transitions among specific 
energy levels. The PDOS pattern indicates that the valence 
bands and conduction bands borders are mainly made up 
of Cu-d and As-p orbitals, respectively. Halides (F, Cl, Br) 
little contributions were seen in the deep area of the valence 
band, although they do not affect the electronic behavior. Rb 
has a non-resistant role in forming the frontier bands by just 

Fig. 5  The band structures of  Rb2CuAsX6 (X = F, Cl, Br) using PBE-GGA approximation
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donating charges to sustain structural stability [65]. The bot-
tom of the conduction band is mostly due to As-p, whereas 
the top of the valence band includes Cu-d states. Figure 7a–c 
shows that the influence of the As-p reduces progressively 

from F to Br. The replacement of Br with I induces a red 
shift in the I-5p and Sb-5p states in the conduction band, 
resulting in a red-shifted band gap. Increasing atomic radius 
decreases the coulombic attraction of the nucleus on valence 
shell electrons, causing a reduction in the band gap energy. 
Therefore, the findings of electronic properties provide evi-
dence of the fact that Cu-d and As-p states play vital con-
tributions to electronic transitions, which dictate the optical 
and thermoelectric attributes of the studied materials.

3.5  Optical Properties

The optical properties of studied materials are mainly 
determined by the interaction between matter and light 
and the characteristics of the energy gap. This paper pro-
vides a detailed description of the optical characteristics of 
 Rb2CuAsX6 (X = F, Cl, Br) double perovskites in relation to 
the dielectric function, by employing the TB-mBJ potential. 
The dielectric function, commonly known as the permittivity 
of a material, is determined by the relation [66]:

The real portion ε1(ω) represents the generated polariza-
tion caused by the interaction between light and the mate-
rial, whereas the imaginary part ε2(ω) indicates the capacity 
of attenuation of light that is transmitted via material. The 
relationship between several associated optical characteris-
tics such as refractive index n (ω), reflectivity R (ω), optical 
absorption coefficient α (ω), optical energy loss function 
L (ω), and optical conductivity σ (ω) is analyzed based on 
ε1(ω) and ε2(ω) [67, 68].

(9)�(�) = �
1(�) + i�

2(�)

Fig. 6  The band structures of  Rb2CuAsX6 (X = F, Cl, Br) using TB-mBJ approximation

Fig. 7  The computed density of states of  Rb2CuAsX6 (X = F, Cl, Br) 
using TB-mBJ
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The calculated energy-dependent ε1(ω) of  Rb2CuAsX6 
(X  =  F, Cl, Br) in Fig.  8a shows a relatively weak 
energy dependency at minimal energy. For  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6, the static values of ε1(ω) 
are 3.40, 4.24, and 5.13, respectively. The rising order of 
halides from F to Br exhibits an increase in ε1(0), indicating 
that heavier halogens become increasingly optically polar-
izable. The observed increase in ε1(0) promotes a reduced 
recombination rate of energy carriers, enhancing the effi-
ciency of optical components. The value of this parameter 
is negatively correlated with electronic band gap energy as 
shown by the Penn model [69]: ε1(0) = 1 + (ħωp/Eg)2. In the 
visible range, the main peaks of ε1(ω), which are linked to 
the highest propagation of light, are found at the resonance 
frequencies. Beyond the resonance limit, the ε1(ω) decreases 
rapidly with several relaxation peaks associated with elec-
tronic inter-band transitions. The relaxation time may be 
calculated from the peak frequency using the formula: τr 
= 1/ω = ħ/E.  Rb2CuAsBr6 has a higher peak in the visible 
area compared to  Rb2CuAsCl6 and  Rb2CuAsF6 due to its 
smaller band gap energy. Moreover, at the energy values 

of 2.08 eV, ε1(ω) is less than 0,  Rb2CuAsF6 displays metal-
lic properties with complete reflection. Within this energy 
range, the frequency of the incoming radiation exceeds the 
plasma frequency. However,  Rb2CuAsCl6 and  Rb2CuAsBr6 
show no reflection throughout the energy range.

Figure  8b demonstrates that ε2(ω) stays at zero for 
photons with energy below the band gap energy for both 
substances, suggesting insufficient energy for electronic 
inter-band transition. Furthermore, the ε2(ω) rises from 
the threshold levels to the peak value of 7.27 (at 1.80 eV), 
6.33 (at 1.94 eV), and 5.53 (at 2.05 eV) for  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6, respectively. The multi-
peak phenomena seen in the observed energy regions are 
caused by the varying rates of possible electronic transi-
tions from Cu-d states in the VB to the As-p states in the 
CB. Moreover, a decrease in peak intensity can be attrib-
uted to the decreased PDOS by replacing F with Cl and 
Br (refer to Fig. 6). Thus, it is evident that  Rb2CuAsX6 
(X = F, Cl, Br) exhibits varying optical absorption capaci-
ties throughout a wide range of electromagnetic frequen-
cies. The large peak magnitudes seen usually facilitate the 

Fig. 8  Variation in optical parameters a ε1(ω) b ε2(ω) c n(ω) d k(ω) with energy for  Rb2CuAsX6 (X = F, Cl, Br)



Journal of Inorganic and Organometallic Polymers and Materials 

extension of polarized electrons into conducting states, 
hence improving the efficiency of photovoltaic conversion. 
Based on this discussion, the ideal operating areas in the 
visible and ultraviolet spectrums make the materials very 
suitable for photovoltaic (PV) conversion and optoelec-
tronic devices.

The transparent nature of  Rb2CuAsX6 (X = F, Cl, Br) 
is primarily dictated by its optical refractive index n(ω). 
It measures the amount of bending of light as it travels 
through a substance. Assessing this characteristic is crucial 
for the precise use of materials in optical devices. Figure 8c 
shows that the refractive index at zero frequency appears 
to be 1.84, 2.05, and 2.26, for  Rb2CuAsF6,  Rb2CuAsCl6, 
and  Rb2CuAsBr6. The rise in n(0) by shifting from F to Br 
occurs due to the red-shifted band gaps. Furthermore, these 
values are linked to ε1(0) in the following manner:  n2(0) = 
ε1(0). Additionally, the patterns of n (ω) closely resemble 
ε1(ω).  Rb2CuAsF6 has the maximum refractive index of 3.0 
at 1.80 eV, whereas  Rb2CuAsCl6 shows a refractive index 
of 2.84 at 1.94 eV and  Rb2CuAsBr6 has 2.88 at 1.60 eV. At 
an energy of 2.2 eV, the n (ω) value of  Rb2CuAsF6 is less 

than one, suggesting that these materials become optically 
opaque.

In addition, Fig. 8d shows the correlation between the 
incoming energetic photons and its extinction coefficient 
k(ω), determined by the equation 2nk = ε2(ω) [70], rep-
resenting the ratio of highest to lowest transmitted energy 
at a certain energy level. This may be verified by refer-
ring to Fig. 4d, where the k(ω) exhibited a similar pattern 
to the ε2(ω) since both parameters are connected by the 
Kramer-Kronig relation [37]. The greatest values for k(ω) 
of  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 appeared at 
2.24 eV, 2.05 eV, and 2.0 eV, respectively.

The optical absorption coefficient α(ω) indicates the 
potency of the material to capture a certain amount of pho-
ton energy. For photovoltaic conversion, the materials need 
to have a high optical absorption coefficient (>  105  cm−1) 
over the whole visible spectrum range. Figure 9a shows the 
α(ω) spectra of  Rb2CuAsX6 (X = F, Cl, Br), which display 
a wide absorption spectrum mainly in the visible-ultravi-
olet regions, making it well-suited for photovoltaic and 
optoelectronic devices. Absorption edges are crucial since 

Fig. 9  Variation in optical parameters a α(ω) b σ(ω) c R(ω) d L(ω) with energy for  Rb2CuAsX6 (X = F, Cl, Br)
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they indicate the sites at which absorption begins, which 
are comparable to the band gaps of materials under study. 
Additionally, there is a significant increase in peak values of 
4.4 ×  105  cm−1, 3.85 ×  105  cm−1, and 3.4 ×  105  cm−1 when 
transitioning from Cu-d valence states to the unoccupied 
As-p conduction states in the visible region for  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6, respectively. Moreover, the 
absorption coefficient significantly rises in the UV spectrum 
for these materials. Based on the band gap energy value and 
optical absorption spectra,  Rb2CuAsX6 (X = F, Cl, Br) are 
well-suited for photovoltaic applications.

Optical conductivity σ(ω) pertains to the bond-break-
ing mechanism during photon absorption and provides 
valuable insights into the produced free carriers of energy 
[71]. The relationship between the energy-dependent σ(ω) 
pattern and α(ω) is seen in Fig. 9b. In the visible area, 
 Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 have maximum 
σ(ω) of 1.79 ×  103 (Ω cm)−1, 1.62 ×  103 (Ω cm)−1, and 
1.58 ×  103 (Ω cm)−1, respectively. This demonstrates supe-
rior absorption properties of  Rb2CuAsX6 (X = F, Cl, Br) 
materials in the visible range. The maximum optical con-
ductivities are reported at the UV region with magnitudes 
of 2.21 ×  103 (Ω cm)−1, 2.62 ×  103 (Ω cm)−1, and 1.93 ×  103 
(Ω cm)−1, respectively. The peak values of  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6 in visible and UV ranges are 
higher, perhaps due to the carrier density of these materials. 
The current HDPs exhibit optical activity with an energy 
spectrum that enhances their use in photovoltaic and opto-
electronic technologies, even at high energies.

Optical reflectivity R(ω) is the capacity of a material to 
deflect incoming photons hitting its exterior. Consequently, 
when fewer influencing photons are captured, the R(ω) 
increases significantly [71]. Figure 9c shows the reflectivity 
of  Rb2CuAsX6 (X = F, Cl, Br) halide double perovskites. 
The reflectivity at zero energy R(0) values for  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6 compounds are 8%, 12%, and 
15%, respectively. These convey a glimpse into the surface 
texture of the materials. The visible spectrum shows peak 
reflectivity values of around 50% for  Rb2CuAsF6 26%, for 
 Rb2CuAsCl6, and 28% for  Rb2CuAsBr6. Furthermore, these 
materials also show weak reflectivity in the UV area, indi-
cating good absorption potency of the materials.

The energy loss factor L(ω) offers valuable insights into 
the dissipation of optical energy throughout the scattering 
mechanism when the electron traverses a material or is dissi-
pated by being heated, in addition to absorbance and reflec-
tivity. Figure 9d shows the calculated L(ω) for  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6. Scattering is not detected 
for photonic energy below band gaps, indicating no energy 
loss. L(ω) is insignificant for  Rb2CuAsCl6 and  Rb2CuAsBr6, 
showing peak values of 0.73 and 0.30, respectively, in vis-
ible and UV areas, indicating negligible Plasmon losses. 
However,  Rb2CuAsF6 exhibits the highest peak value of 

3.38 in the visible region, which is significantly higher than 
 Rb2CuAsCl6, and  Rb2CuAsBr6. Thus, reduced R(ω) and 
L(ω) improve electrical transport and increase the photo-
electric yield of the materials used in photovoltaic (PV) and 
optoelectronic devices.

3.6  Electron Transport Properties

To address ecological and energy challenges, scientists are 
focusing on developing efficient thermoelectric compo-
nents to generate electricity through wasted heat [71, 72]. 
An effective thermoelectric compound is determined by a 
figure of merit calculated using the formula: ZT =  S2σT/k, 
where ZT is dependent on factors such as the material's 
electrical conductivity, heat transfer, and the Seebeck coeffi-
cient. Thermoelectric factors including power factor, carrier 
concentration, Hall coefficient, heat capacity, and figure of 
merit are analyzed between 100 and 600 K and the relaxa-
tion period (τ) is 5 ×  10−15 s.

Electrons need to transition from the valence band to the 
conduction band in order to generate free carriers for n-type 
materials and holes for p-type materials [73]. Therefore, the 
charge carrier’s mobility is determined by its electrical con-
ductivity (σ/τ), as shown in Fig. 10a. An increase in electri-
cal conductivity is seen in  Rb2CuAsF6,  Rb2CuAsCl6, and 
 Rb2CuAsBr6 from (3.29, 2.91, and 2.41 ×  1018 Ω−1  m−1  s−1) 
at 100 K to (6.30, 5.30, and 4.94 ×  1018 Ω−1  m−1  s−1) at 600 
K, respectively. The gradual increase in electrical conductiv-
ity indicates that the material exhibits semiconductor proper-
ties [74]. Moreover, the electrical conductivity at room tem-
perature, shows that Cs2CuAsCl6 (2.51 ×  1018 Ω−1  m−1  s−1) 
exhibits better conductivity than  Rb2CuAsCl6 (1.87 ×  1018 
Ω−1  m−1  s−1) and  Rb2CuAsBr6 (1.64 ×  1018 Ω−1  m−1  s−1). 
This demonstrates that in solar cells, the heat lost through 
scattering processes may enhance electrical conductivity, 
potentially boosting the power conversion efficiency of the 
solar cells.

The Seebeck coefficient (S) quantifies the voltage gener-
ated resulting from the junction of the two distinct mate-
rials having different temperatures and influences thermo-
electric efficiency [75]. Figure 10c shows that the values of 
the Seebeck coefficient decrease as temperature increases 
because of the disruption of atomic bonding. The positive 
number implies that a large proportion of carriers are holes, 
categorizing the researched compounds as p-type semicon-
ductors.  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 com-
pounds have Seebeck values of 271.7 µV  K−1, 254.6 µV  K−1, 
and 272.4  µV   K−1 at 100  K. This value decreases to 
209.1 µV  K−1, 226.7 µV  K−1, and 234.6 µV  K−1 at 600 K. 
Subsequently, decrease in S as temperature rises, indicat-
ing a steady reduction in the diffusion of agitating charges 
with increasing temperature [71]. The Seebeck coefficient 
value of  Rb2CuAsBr6 (263.55 µV  K−1) at room temperature 
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is higher than  Rb2CuAsCl6 (259.3 µV  K−1)  Rb2CuAsF6 
(250.6 µV  K−1).

The thermal conductivity determined by considering 
just the electrical portion is shown in Fig. 10c. A linear 
increase in thermal conductivity (κe/τ) from 100 to 600 
K is observed for all materials. The κe/τ for  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6 increases from (3.22, 2.40, 
and 2.17 ×  1014 Ω−1  m−1  s−1) at 100 K to (2.04, 2.06, and 
2.05 ×  1014 Ω−1  m−1  s−1) at 600 K, respectively. Moreo-
ver,  Rb2CuAsF6 exhibits the highest thermal conductivity 
of 5.88 ×  1014 W  mks−1 at room temperature, followed by 
 Rb2CuAsCl6 (4.78 ×  1014 W  mks−1), and  Rb2CuAsBr6 (4.36 
×  1014 W  mks−1). These compounds are ideal for thermo-
electric devices because of the thermal conductivity differ-
ential factor of  10−5 from electrical conductivity.

The power factor of a material, crucial for determining its 
thermoelectric effectiveness, is calculated using the formula 
PF = σS2, where σ represents electrical conductivity and S 
is the Seebeck coefficient of materials. The power factor 
increases with temperature, ranging from (0.24,0.19, and 
0.18) ×  1011 W  mK2s−1 at 100 K to (2.76, 2.73, and 2.72) 

×  1011 W  mK2s−1 at 800 K in the sequence of  Rb2CuAsF6 
>  Rb2CuAsCl6 >  Rb2CuAsBr6, as seen in Fig. 10d. It is 
clear that the compounds are sustainable when used at high 
temperatures since their power factor increases as the tem-
perature rises.

The specific heat capacity  (Cv) of materials is formed by 
charged carriers as well as some phonon contribution. The 
specific heat capacity for both compounds exhibits a sharp 
rise with increasing temperature. This rise is in accordance 
with the Debye model since  Cv is proportional to  T3. The 
value of  Cv rises from 0.22 J  molK−1, 0.09 J  molK−1, and 
0.09 J  molK−1 to 7.51 J  molK−1, 2.34 J  molK−1, and 1.92 
J  molK−1 for  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6. 
The value of Cv is significantly higher for  Rb2CuAsF6 than 
 Rb2CuAsCl6 and  Rb2CuAsBr6 which demonstrates that 
 Rb2CuAsF6 has greater capacity of heat absorption.

The carrier concentration (n) is a key parameter to gov-
ern the thermal conductivity of a material. Materials having 
greater carrier concentration might have enhanced electrical 
conductivity. Figure 11b illustrates a rise in charge concen-
tration from 0.0036 to 0.14 e μc−1 for  Rb2CuAsF6, from 

Fig. 10  Variation in transport parameters a σ/τ b S c κe/τ d σS2/τ with temperature for  Rb2CuAsX6 (X = F, Cl, Br)
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0.0021 to 0.055 e μc−1 for  Rb2CuAsCl6, and from 0.0017 to 
0.047 e μc−1 for  Rb2CuAsBr6 as the temperature rises from 
100 to 600 K. This increase in carrier concentration with 
temperature is attributed to the excitation of charge carriers 
at elevated temperatures.

The computed Hall coefficient  (RH) at various tempera-
tures for  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 is dis-
played in Fig. 11c. This shows that the  RH value is highest at 
lower temperatures and declines rapidly as the temperature 
increases, eventually approaching zero for all materials. The 
Hall Effect is the creation of a current in a semiconductor 
caused by the presence of opposing charge densities at both 
sides. Higher temperatures lead to an increase in thermal 
vibrations which results in increased dispersion and a drop 
in the values of the Hall coefficient. The positive values of 
 RH further indicate a p-type semiconductor character of 
 Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 perovskites.

3.6.1  Figure of Merit

The figure of merit is a crucial characteristic that dictates the 
effectiveness of thermoelectric systems. Figure 11d illustrates 

the variation of the figure of merit with temperature up to 600 
K for  Rb2CuAsX6 (X = F, Cl, Br). The ZT = 1 is regarded as 
the ideal efficiency provided by any material [76]. Throughout 
the studied temperature range (100–600 K), the ZT value of 
 Rb2CuAsF6 and  Rb2CuAsCl6 increases from 0.75 to 0.81 and 
0.78 to 0.79, respectively, whereas for  Rb2CuAsBr6, slightly 
decreases from 0.82 to 0.79. The increased ZT for  Rb2CuAsF6 
and  Rb2CuAsCl6 is justified by greater electrical conductivity 
and the Seebeck coefficient [77, 78]. Meanwhile, the decrease 
in ZT for  Rb2CuAsBr6 can be attributed to the increase in heat 
losses at elevated temperatures [79]. Moreover, at room tem-
perature,  Rb2CuAsF6,  Rb2CuAsCl6, and  Rb2CuAsBr6 revealed 
ZT values of 0.80, 0.79, and 0.78, respectively. Our research 
anticipates the discovery of these new materials with improved 
thermoelectric performance, making them promising candi-
dates for innovative thermoelectric systems.

Fig. 11  Variation in transport parameters a  Cv b n c  RH d ZT with temperature for  Rb2CuAsX6 (X = F, Cl, Br)
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4  Conclusion

This work utilized density functional theory (DFT) to 
evaluate the structural, thermodynamic, elastic, electro-
optic, and electron transport characteristics of  Rb2CuAsX6 
(X = F, Cl, Br) perovskites. The substitution of halide 
ions reveals the variation in mechanical, thermodynamic, 
optical, and thermoelectric response of studied com-
pounds. The investigation of the elastic parameters and 
formation energy has confirmed that the examined per-
ovskites are cubic in structure, stable, and ductile. The 
thermodynamic characteristics revealed the stability at 
elevated temperatures and suitability for industrial appli-
cations. The anisotropy and mechanical strength decrease 
in the order:  Rb2CuAsF6 >  Rb2CuAsCl6 >  Rb2CuAsBr6. 
The band structure computations identified  Rb2CuAsF6, 
 Rb2CuAsCl6, and  Rb2CuAsBr6 are p-type semiconductors 
with indirect band gaps of 1.25 eV, 1.10, and 0.83 eV, 
respectively. The values of  Eg decrease during the replace-
ment of F with Cl and Br. The optical characteristics dem-
onstrated strong optical absorption and minimal energy 
loss in the visible and ultraviolet spectrum which high-
lights their suitability for solar energy conversion. Addi-
tionally, thermoelectric characteristics including higher 
power factor and figure of merit (ZT) values of 0.8, 0.79, 
0.78, respectively, at room temperature were determined. 
Comparatively,  Rb2CuAsF6 demonstrates superior absorp-
tion and ZT values than  Rb2CuAsCl6 and  Rb2CuAsBr6. 
Our research anticipates these perovskite combinations 
exhibit superior photoelectric and heat conversion effi-
ciency, rendering them potential prospects for advanced 
solar cells and thermoelectric devices.
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