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    Abstract
This research provides an in-depth thorough assessment of the physical characteristics of 

Cs2CuLuY6 (Y = Br, I) materials with DFT. Structural stability is confirmed through tolerance 

factors, octahedral factors, and formation energy calculations, while elastic constants satisfy the 

Born stability criteria, indicating mechanical robustness. Phonon dispersion analysis reveals the 

absence of imaginary frequencies, confirming the dynamical stability of the investigated 

compounds. The evaluated Pugh’s and Poisson’s ratios suggest ductile behavior with noticeable 

elastic anisotropy. Electronic band structure analysis with GGA-PBE, TB-mBJ, and YS-PBE0 

reveals that all investigated compounds are semiconductors with indirect band gaps. Optical 

analysis demonstrates strong absorption in the visible to UV region, highlighting their potential 

for optoelectronic and photovoltaic applications. Furthermore, thermoelectric analysis indicates 

promising thermoelectric performance with favorable figure-of-merit (ZT ~1.0 ) values over a 

wide temperature range, highlighting their potential for both low-temperature cooling and high-

temperature heat recovery. These findings point to Cs2XLuY6 alloy as a versatile potential material 

for renewable energy applications, predominantly in solar cell and thermoelectric applications.
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1. Introduction
The accelerated growth of the latest industrial systems and tech solutions requires the maturation 

of advanced materials with remarkable characteristics. In consideration of this, scientists have 

repeatedly studied novel classes of alloys to mitigate these issues. Included in these, double 

perovskite (DP) semiconductors have appeared as suitable choices due to their outstanding 

potential in next-generation optoelectronic and thermoelectric technology [1]. The implication of 

this class of compounds lies in their outstanding physical behavior, which is further enhanced by 

their structural adaptability. DP, in particular, reveals versatile rewarding traits such as high carrier 

mobility, higher optical absorption, significant charge transport pathways, suitable band gap 

energies, low er effective masses, and noteworthy thermoelectric results [2-3]. The contribution of 

perovskite-based semiconductors covers far beyond electronics, shaping diverse aspects of daily 

life from healthcare, communication, and transportation to creative industries and more [4]. In 

contrast, those designed for thermoelectric materials must adequately harvest and transform 

remaining heat into functional power output. Of these, halide-based perovskite semiconductors 

have recently manifested as potential materials, demonstrating notable competence in utilization 

such as PSc and laser engineering [5-6]. Composite of organic and inorganic phases perovskites 

have achieved significant acknowledgement as a new generation of optoelectronic compounds, 

initially because of their unique solar energy transformation capabilities and their broadening role 

in devices such as LEDs and transistors [7,8]. Within the previous decade, integrated organic–

inorganic hybrid perovskite frameworks have focused attention on advanced optoelectronic 

materials due to their remarkable rise in solar cell efficiencies, which have elevated from more or 

less 3.8% to 25.5%. This high performance, associated with their growing use in LEDs and 

transistor applications, highlights their versatility and technological utilization [9-11]. 

Nevertheless, halide perovskites containing lead pose significant health and environmental 

hazards, as their toxicity can result in severe detrimental effects on both human well-being and 

ecological systems [12]. To tackle these issues, DPs have drawn interest as a promising option in 

solar energy and optoelectronic applications, offering the advantage of adjusting a number of metal 

cations while ensuring high performance and eco-safety [13]. These materials have been intended 

for use in photovoltaic, optoelectronic devices, and thermoelectric applications [14,15]. These 
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compounds generally ensure to the formula A2B′B″X6, where A indicates a monovalent cation, B′ 

and B″ are mono- and trivalent cations, respectively, and X indicates a halide anion. They offer 

the advantages of better stability and minimal toxicity while sustaining high performance. Cesium-

based DPs, in particular, demonstrate considerable potential for detector technologies and 

scintillators owing to their wide band gaps, excellent radiation tolerance, and enhanced 

scintillation efficiency [16,17]. Investigation points to that DPs containing K- and Cs-containing 

exhibit outstanding physical traits, placing them as strong contenders for radiation detection and 

photonic-crystal design, solar energy harvesting, energy storage application, thermoelectric 

conversion, and photovoltaic devices [18-21]. Lead-free Cs-based inorganic DPs generally adopt 

the formula Cs2M⁺M3+X6, where M⁺ is Ag⁺, Ga⁺, or Cu⁺; M³⁺ is Bi³⁺ or In³⁺; and X is Cl⁻, Br⁻, or 

I⁻. Cs2XBiBr6 (X=Na, Ag, Cu and In) have been observed to achieve high solar energy conversion 

efficiencies [22]. Slavney et al. [23] studied the optoelectronic feature of the Cs2AgBiBr6 DP and 

proposed that inorganic hybrid materials further research because of their strong prospects in 

photovoltaic and optoelectronic uses. Hamza Saci et al.  [24] recently studied the structural and 

physical trails of the DPs Cs2CuBiX6 (X = F, Cl, Br, I), highlighting their suitability for solar 

energy and photovoltaic applications.  Messaoud Caid et al. [25] investigated the physical 

properties of Cs2CuIrF6 materials using first-principles calculations with the GGA method, which 

resulted in an underestimated band gap, while suggesting that Cs2CuIrF6 is suitable for 

optoelectronic device applications. Studies have shown that In-based perovskites, including 

X2CuInCl6 and Rb2InSbX6 (X = Cl, Br), exhibit narrow band gaps, which contribute to notable 

thermoelectric performance and strong optical absorption properties [26,27]. Kamal et al. [28] also 

investigated the physical behavior of Rb2AuBiX6 (X = Br, Cl, F) and demonstrated that these 

compounds exhibit strong absorption and reflectivity within the visible light range. Furthermore, 

their strong Seebeck coefficients and significant thermoelectric figure of merit recommended their 

suitability for thermoelectric utilization. Abderrazak Boutramine et al. [29] investigated K2InSbZ6 

(Z = I, Br, Cl, F) double perovskites using first-principles calculations and reported their structural 

stability, direct band gaps, and strong UV- visible optical activity with promising solar cell and 

thermoelectric performance. In another study, Adil Es-Smairi et al. [30] examined Na2LiZF6 (Z = 

Ir, Rh) double perovskites and confirmed their structural stability with wide indirect band gaps and 

strong UV optical absorption, indicating potential for UV optoelectronic devices. Furthermore, 

Messaoud Caid et al. [31-33] investigated several double perovskite compounds, including 
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Pb2FeSbO6, Pb2CoMoO6, and Cs2ABI6 (AB = GeZn, SnBe), using first-principles DFT 

calculations. Their results showed that Pb2FeSbO6 behaves as a ferromagnetic semiconductor with 

promising thermoelectric performance, whereas Pb2CoMoO6 exhibits half-metallic ferromagnetic 

behavior suitable for spintronic applications. In addition, Cs2GeZnI6 and Cs2SnBeI6 were reported 

as stable halide double perovskites with indirect band gaps and favorable optical and 

thermoelectric properties for optoelectronic devices. Similarly, Samah Al-Qaisi et al. [34] studied 

K2TlZI6 (Z = Al, In) double perovskites using DFT and reported their structural stability, indirect 

band gaps, and promising optical and thermoelectric properties for energy applications. In another 

study, Aissa Benkatlane et al. [35] reported that Cs2ABeCl6 (A = Cd, Sn) double perovskites are 

stable semiconductors with strong UV absorption and promising thermoelectric properties. 

Another study by H. Rached et al. [36] explored Ba2AlTMO6 (TM = W, Re, Os) double 

perovskites and reported half-metallic ferromagnetic behavior with strong UV optical response 

and promising thermoelectric performance. Hudabia Murtaza et al. [37-42] also investigated 

several double perovskite compounds belonging to the same family as the materials studied in this 

work using DFT, including Ba2CdXO6 (X = Mo, U), Cs2BB′H6 (B = Al, Na; B′ = Tl, In), Cs2BB′F6 

(B = Rb, In, Na; B′ = Ir, As, Rh), K2CuBiX6 (X = I, Br, Cl), K₂NaGaBr6, K2RbTlBr6 and 

Cs2LiTlCl6. Their studies reported thermodynamic stability and semiconducting band gaps, while 

several compounds exhibited strong optical absorption in the visible - UV region and promising 

thermoelectric performance with appreciable ZT values, highlighting their potential for 

optoelectronic and renewable energy applications. SMH Qaid et al. [43,44] also investigated 

Rb₂ASbX₆ (A = Tl, Cu; X = I, Cl) double perovskites and Rb₂XRhF₆ (X = Li, Ag) halide 

perovskites using DFT. Their studies reported structural stability, suitable semiconducting band 

gaps, strong optical absorption in the visible - UV region, and promising thermoelectric 

performance for energy-related applications. Junaid Munir et al. [45] reported with DFT 

calculation that K2TlAsX6 (X = Cl, Br) double perovskites are structurally stable with direct band 

gaps and promising optical and transport properties for optoelectronic and energy applications. 

Although numerous recent studies have focused on halide-based DPs, the rising demand for high-

potential optoelectronic compounds underscores the importance of discovering and evaluating 

novel candidates within the DP family. Moreover, in this article, we conducted a pioneering 

investigation on the Cs2CuLuY6 DP compounds using the DFT method, including GGA-PBE, TB-

mBJ, and YS-PBE0 functionals. These materials were chosen because Cs-based double 
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perovskites with the general formula A₂B′B″X₆ represent promising lead-free and 

environmentally friendly alternatives to Pb-based perovskites widely used in 

optoelectronic/thermoelectric devices. Furthermore, halide substitution (Br vs. I) provides an 

effective strategy for tuning the electronic structure, as replacing Br with the heavier I atom 

generally leads to a reduction in the band gap and modifies the optical response.  This work aims 

to provide an in-depth investigation of the fundamental physical properties of Cs2CuLuY6. 

Utilizing this methodology, our goal is to conduct an in-depth theoretical calculation of these 

compounds and point out their potential for real-world manufacturing applications. This study 

looks for crucial insights that can guide reliable predictions of their behavior across various 

technological implementations.

2. Computational technique

We use WIEN2k code by DFT to calculate the numerous features of  the Cs2CuLuY6 materials, 

which are impacted by the FP-LAPW method [46].The structural relaxation was carried out using 

the Generalised Gradient Approximation (GGA), with the Perdew-Burke-Ernzerhof (PBE) 

functional employed to model exchange-correlation effects precisely [47]. The exchange-

correlation energy in GGA is expressed as:

𝐸𝐺𝐺𝐴
𝑋𝐶 = 𝜌(𝑟)𝜖ℎ𝑜𝑚

𝑥 𝜌(𝑟) 𝐹𝑋𝑐𝜌(𝑟),∇𝜌(𝑟))𝑑𝑟             (1)

where ρ is the electron density and ∇ρ is the gradient, 𝐹𝑋𝑐 is the dimensionless factor, and 𝜖ℎ𝑜𝑚
𝑥  is 

the exchange energy of the homogeneous system. Convergence was checked to verify that the total 

energy is minimum in relation to the size of the basis set (R×Kmax = 8) and the k-point (13×13×13). 

The total energy convergence criterion is set to 10-6 Ry as the standard threshold. The 

optoelectronic features are measured utilizing a combination of approaches, including the GGA-

PBE, the TB-mBJ potential and the hybrid YS-PBE0 functional, to accurately characterize of the 

electronic and optical properties [48]. The TB-mBJ exchange potential is expressed as :

𝑉𝑇𝐵―𝑚𝐵𝐽(𝑟)
𝑥 = 𝑐𝑉𝐵𝑟

𝑥 (𝑟) + (3𝑐 ― 2)
1
𝜋

1
12

2𝑡(𝑟)
𝜌(𝑟)          (2)

where 𝑉𝐵𝑟
𝑥 is the Becke-Roussel potential, 𝑡(𝑟)is the kinetic energy density, and 𝜌(𝑟)is the electron 

density. The thermoelectric performance was evaluated employing the BoltzTraP2 code, which 

employs electronic structure information obtained from WIEN2k to solve the semiclassical 
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Boltzmann transport equations [49]. The semi-classical transport coefficients are evaluated 

utilizing relaxation time approximation (RTA = 10-14 s). Phonon dispersion calculations were 

carried out using the linear response method within the framework of Density Functional 

Perturbation Theory (DFPT), as implemented in the CASTEP code. Norm-conserving 

pseudopotentials were employed to accurately describe the electron-ion interactions.

3. Results and discussion

3.1. Structural properties and dynamical stability

In DP structures, distinct cations are placed in the A and B sites, giving rise to a unique ordered 

arrangement in the lattice framework [50]. DPs are typically divided into two types: A′A′′B₂X₆ 

(A-site DPs) and A₂B′B′′X₆ (B-site DPs). In these lattices, the larger A-type cations occupy the 

A-sites, while the smaller B and B′ cations are positioned at the B and B′ sites, respectively. The 

X-sites are typically filled by halide anions. All the Cs2CuLuY6 (Y = Br, I) adopt the B-site double 

perovskite configuration. These materials crystallise in a cubic lattice and are classified under the 

Fm-3m space group. The cubic crystal structure of Cs2CuLuY6 (Y = Br, I) double perovskite is 

shown in Fig. 1. The Cs2CuLuY6 (Y = Br, I) possess a unit cell containing 40 atoms, corresponding 

to four formula units with a stoichiometric ratio of 2:1:1:6. The Wyckoff positions are assigned as 

follows: Cs occupies 8c (0.25, 0.25, 0.25), Cu resides at 4a (0.5, 0.5, 0.5), Lu is located at 4b (0, 

0, 0), and Br/I atoms are positioned at 24e (0.25, 0, 0).

Fig. 1 Crystal structures of Cs2CuLuY6 (Y = Br, I)

The investigation revealed that the lattice parameter slightly increases when the B′-site cation is 

changed from Cu to Au. The crystal geometry of Cs2CuLuY6 (Y = Br, I) was optimized using the 
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GGA-PBE exchange-correlation functional. The lattice constant was determined by locating the 

equilibrium volume (V) corresponding to the minimum total energy (E₀).

The structural stability of a double perovskite can be assessed through the tolerance factor (𝜏1), the 

newly proposed physically based tolerance factor (𝜏2), and the octahedral factor (𝜇). These stability 

metrics were evaluated using the relationships presented in Equation [51,52]:

𝜏1= 
𝑅𝐶𝑠 + 𝑅𝑌

2
𝑅𝐶𝑢 + 𝑅𝐿𝑢

2 𝑅𝑌

      (3)

𝜏2 =
𝑅𝑌

𝑅𝐶𝑢
𝑛𝐶𝑠 𝑛𝐶𝑠 ―

𝑅𝐶𝑠
𝑅𝐶𝑢

𝑙𝑛
𝑅𝐶𝑠
𝑅𝐶𝑢

      (4)

𝜇 =
𝑅𝐶𝑢 + 𝑅𝐿𝑢

2𝑅𝑌
                (5)

In the case of equations (3), (4), and (5), 𝑅𝐶𝑠, 𝑅𝐶𝑢 , 𝑅𝐿𝑢, and 𝑅𝑌 (Br, I) denote the ionic radii of Cs, 

, Lu, and Br/I, respectively, and 𝑛𝑐𝑠 is the oxidation state of the Cs site. A compound is considered 

to be cubically stable if the tolerance factor (𝜏1) lies within the range of 0.813 to 1.107, while the 

octahedral factor ranges from 0.41 to 0.89 [53]. Furthermore, our study's computed new tolerance 

factor is more precise than other techniques for predicting structural stability. It is expected that 

for cubically stable perovskites, 𝜏2 will be smaller than 4.18 [54]. According to the data listed in 

Table 1, it is obvious that all the studied compounds are cubically stable.

Furthermore, the formation energy offers another technique to determine the stability of the double 

halide perovskites, Cs2CuLuY6 (Y = Br, I), which can be estimated using the given formula [55]: 

𝐸𝑓 =
𝐸𝐶𝑠2𝐶𝑢𝐼𝑟𝑌6―𝑛𝐶𝑠× 𝐸𝐶𝑠

𝑘
―𝑛𝐶𝑢× 𝐸𝐶𝑢

𝑙
―𝑛𝐿𝑢× 𝐸𝐿𝑢

𝑚
―𝑛𝑌× 𝐸𝑌

𝑝

𝑁
         (6) 

Where, 𝐸𝐶𝑠2𝑋𝐿𝑢𝑌6  represents the total energy of Cs2CuLuY6 and 𝐸𝐶𝑠, 𝐸𝐶𝑢, 𝐸𝐿𝑢, and 𝐸𝑌 represent the 

energy of Cs, Cu, Lu, and Y, respectively. The n denotes the count of Cs, Cu, Lu, and Y atoms, 

and the individual Free State energy of the total atoms, respectively. The constants 𝑘, 𝑙, 𝑚, and 𝑝 

are individual atoms per unit cell. 𝑁 represents the total number of atoms. Negative values of 

formation energy indicate the stability of compounds. The formation energy (𝐸𝑓) serves as an 

important measure of thermodynamic stability, where a more negative value indicates a higher 

degree of stability. As presented in Table 1, all the investigated compounds possess negative 

formation energies, confirming their thermodynamic stability. Table 1 indicates that the calculated 

properties of our studied material are very close to those reported for other Cs-based and similar 
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series double perovskite (DP) reference materials, which supports the reliability and validity of the 

present study. We have also presented the variation of energy with respect to volume for both 

compounds under investigation in Fig. 2

Fig. 2: Minimum energy (E) Vs volume (V) optimization curve.

The phonon dispersion relations of Cs2CuLuBr6 and Cs2CuLuI6 were calculated to evaluate their 

dynamical stability, and the results are presented in Fig. 3. As can be seen, no imaginary (negative) 

phonon frequencies appear throughout the entire Brillouin zone for either compound, confirming 

their dynamical stability. Each primitive unit cell contains ten atoms, giving rise to a total of thirty 

phonon branches, including three acoustic and twenty-seven optical modes. The acoustic branches 

originate from the Γ point and increase smoothly along the high-symmetry directions, while the 

remaining branches correspond to optical modes distributed in the higher-frequency region. A 

noticeable separation between certain optical branches, as well as between the acoustic and low-

frequency optical branches, can also be observed, indicating the presence of phonon band gaps. 

Furthermore, both compounds exhibit very similar phonon dispersion characteristics; however, 

Cs2CuLuBr6 shows slightly higher phonon frequencies compared with Cs2CuLuI6, which can be 

attributed to the relatively lighter atomic mass of Br compared with I, shifting the modes to higher 

frequencies.
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          Fig. 3: Phonon dispersion curves for the double perovskites Cs2CuLuBr6 and Cs2CuLuI6

Table 1: Structural characteristics of the investigated compounds with reference materials:

Materials

Lattice 

constant, 

a = b = c 

(Ǻ)

Minimum 

volume, V 

(Bohr³)

Minimum 

energy, 

𝑬𝟎 (Ry)

Tolerance 

factor (𝝉𝟏

)

Physically 

based  

tolerance 

factor (𝝉𝟐)

Octahedral 

factor (𝝁)

Formation 

energy, 𝑬𝒇 

(eV/atom)

References

Cs2CuLuI6 11.84 2805.13 -49063.02 0.956 4.957 0.370 -1.615 This study

Cs2CuLuBr6 10.99 2239.48 -94914.06 0.978 4.416 0.416 -2.172 This study

K2InSbI6 12.47 3273.54
-

112571.67
0.911 - 0.354 - 1.868

K2InSbBr6 11.73 2724.99 -58422.88 0.929 - 0.398 -2.107

K2InSbCl6 11.25 2399.75 -32681.32 0.942 - 0.431 -2.368

K2InSbF6 09.61 1497.58 -28341.59 0.995 - 0.586 -2.989

[29]

Cs2GeZnI6 11.83 - - 0.983 4.178 0.391 -2.264

Cs2SnBeI6 11.975 - - 0.962 4.050 0.426 -2.618
[33]

K2TlAlI6 12.21 - - 0.99 - - -1.95 [34]

Cs2CdBeCl6 10.27 - - 1.039 - 0.440 -2.644 [35]
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3.2. Electronic characteristics, charge carrier effective masses, and density of states analysis

Evaluating the electronic characteristics of a material is essential for determining its optoelectronic 

and photovoltaic performance. Key factors include the band gap, which governs light absorption 

capability, and the density of states, describing the distribution of electronic states both in total and 

for individual elements. Fig. 4 displayed the band structure diagrams of the Cs2CuLuY6 (Y = Br, 

I). In these figures, the vertical axis indicates the energy levels, whereas the horizontal axis denotes 

the wave vector (k), mapped across various high-symmetry directions within the bulk Brillouin 

zone. The BS is plotted along the high-symmetry W-L-Γ-X-W-K path. The Fermi level, indicated 

by a red dashed line at zero energy level, separates the VB and CB. In contrast, the band gap was 

evaluated using the TB-mBJ and YS-PBE0 exchange correlation potentials, since these methods 

provide a more accurate description of the electronic structure and produce values that better 

correspond to experimental observations [56]. Table 2 presents the band gap values of our 

investigated Cs2XLuY6 compounds, calculated by three different methods. The evaluated band 

gap values with GGA-PBE, TB-mBJ, and YS-PBE0 reflect the smallest energy separation between 

the VB generally occupied by e- and the CB, where e- can freely move and participate in electrical 

conductivity. Here, the valence band maximum (VBM) and conduction band minimum (CBM) 

occur at different symmetry points, move from L to the Γ point, which ensures that the material 

shows an indirect band gap. Similar indirect band gap behavior has also been reported in related 

double perovskite systems such as Rb2TlB′I6 (B′ = As, Ga), Rb2TlInX6 (X = Cl, I) and Cs2AgBiI6 

through previous DFT investigations [57-59]. The computed band gaps for the studied compounds 

are as follows: Cs₂CuLuBr6 yields 1.67 eV (GGA-PBE), 2.52 eV (TB-mBJ), and 2.76 eV (YS-

PBE0); while Cs₂CuLuI6 provides 1.24 eV (GGA-PBE), 1.99 eV (TB-mBJ), and 2.09 eV (YS-

PBE0). These values indicate that Cs2CuLuY6 exhibits a semiconductor nature. Since 

semiconductors with band gaps of 1.62 to 3.10 eV are good at absorbing visible light effectively, 

Cs2CuLuY6 compounds exhibit an energy range window for use in light-harvesting and 

optoelectronic applications [60]. In addition, traditional perovskite materials generally possess 

band gaps in the range of 0.8 to 2.2 eV, making them highly favorable for use in solar energy 

conversion technologies [61,62]. The indirect band gap characteristic implies that electron - hole 

recombination requires phonon assistance, leading to lower radiative recombination rates 

Cs2SnBeCl6 10.60 - - 0.950 - 0.380 -2.904
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compared with direct band gap semiconductors. However, this feature often results in longer 

carrier lifetimes and reduced recombination losses, which can enhance charge transport and carrier 

collection efficiency. Consequently, although indirect band gap materials are less suitable for light-

emitting devices, they remain promising for applications such as photovoltaic absorbers, 

photodetectors, and thermoelectric systems. Additionally, the valence band states near the Fermi 

level show greater activity than those of the conduction band (CB), suggesting that these 

compounds are particularly favorable for technologies involving valence band  (VB) related 

electronic transitions [63, 64]. 

Table 2: Computed band gaps for investigated compounds with reference materials:

Compound GGA-PBE
(eV)

TB-BJ
(eV)

YS-PBE0
(eV) Nature References

Cs2CuLuI6 1.24 1.99 2.09 This work
Cs2CuLuBr6 1.67 2.52 2.76 This work
Cs2GeZnI6 0.52 1.12 -

Cs2SnBeI6 1.05 1.55 - [33]

Cs2SnBeCl6 2.58 - -

Indirect

Cs2CdBeCl6 1.98 - - Direct [35]

K2TlAlI6 1.56 2.25 -

K2TllnI6 0.82 1.37 -
Indirect [34]
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Fig. 4: Band diagram of a) Cs2CuLuBr6 and b) Cs2CuLuI6.
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3.2.1. The effective mass of the charge carrier

The effective mass does not represent the actual physical mass of electrons or holes but reflects 

how easily they can move through a compound. As it strongly affects charge carrier mobility, 

electrical resistance, and optical absorption, its assessment is crucial. In this study, a specific 

mathematical equation has been used to calculate the effective masses for Cs2CuLuY6 compounds 

[65]:

1
𝑚∗ =

1
ℏ2

∂2𝐸𝑛 𝑘
∂𝑘2                                 (7)Here, the reduced Planck constant (ℏ), the material’s 

energy bands 𝐸(𝑘), and the wave vector 𝑘, which defines the orientation of carrier motion. The 

calculations of effective mass provide insights into the mobility of electrons and holes within the 

compounds, strongly impacting the effectiveness of photovoltaic applications. The findings 

effective masses are present in Table 3. in general, holes show higher effective masses than 

electrons because the valence band, where holes reside, has a flatter curvature compared to the 

sharply curved conduction band that hosts electrons. This gentler curvature results in a higher 

effective mass, meaning the holes move more slowly through the lattice.

For the Cs2CuLuY6, a consistent trend is noticed: the effective masses of holes exceed those of 

electrons, revealing that the VBM is less curved than the CBM. Investigation of both the band gap 

and effective masses underscores the suitability of our investigated materials for a range of 

optoelectronic technologies. The evaluated effective masses for holes (𝑚∗
ℎ) and electrons (𝑚∗

𝑒) are: 

1.21 and 0.28 for Cs₂CuLuI6, and 1.23 and 0.33 for Cs₂CuLuBr6. The relatively low electron 

effective masses encourage elevated carrier mobility, which is strongly beneficial for energy-

related applications such as infrared sensors, detectors, solar cells, and other optoelectronic 

devices. Cs₂CuLuY6 stands out as the most promising candidate for photovoltaic and efficient 

solar energy applications due to its optimal combination of band gap and charge transport features.

Table 3: Estimated effective masses of holes 𝑚∗
ℎ and electrons 𝑚∗

𝑒 .

Compound Approach 𝒎∗
𝒉 /m0 𝒎∗

𝒆/m0

Cs2CuLuI6 1.21 0.28
Cs2CuLuBr6

TB-mBJ
1.23 0.33
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3.2.2. Density of states

The total density of states (TDOS) at a specified energy assesses the number of electronic states 

(ES) accessible at every energy level, offering a complete picture of the compound’s energy level 

scheme. Additionally, it elucidates the correlation between energy level and the CB and VB and 

also quantifies the atomic contribution. As visualized in Fig. 5, the TDOS of Cs2CuLuY6 (Y = Br, 

I) DP elucidates phenomenal compatibility with their band gap values. In Fig. 5, the red line at 0 

eV implies the location of the Fermi level. In Cs2CuLuY6, the Fermi level is predominantly 

governed by the d orbitals of Cu. Investigation of the same data reflects that the VB is primarily 

derived from Cu d and Br/I p orbitals, while participation from Cs s and Lu d orbitals is marginal. 

In contrast, the CB of Cs2CuLuY6 (Y = Br, I) is predominantly governed by the d orbitals of Lu, 

with minor contributions associated with the p orbitals of Br or I.

Fig. 5: Full DOS and partial DOS of Cs2CuLuY6 (Y = Br, I)

3.2.3. Charge Density Mapping

Charge density mapping (CDM) functions as a reliable tool to demonstrate the positional allocation 

of electrons within the bulk of the compounds. This approach provides key insights into the 

chemical bonding, electronic structure, and intrinsic characteristics of a compound. For 

Cs2CuLuY6, CDM enables a comprehensive analysis of interatomic bonding. These 

representations emphasize the crystal lattice's zones of high and low density of electrons, enabling 

it to be feasible to identify whether a bond is mostly metallic, covalent, or ionic.
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Cs-Y(Cs-Br, and Cs-I) Interactions: As is generally, halogen atoms establish ionic bonds with 

Cs. Br and I atoms possess a high electron density due to their superior electronegativity. Cs⁺ ions, 

on the other hand, prefer chiefly ionic bonding with the halide anions (Br-/I-) owing to their high 

ionic radius and fairly low charge density.

Cu-Y (Cu-Br/I) Interactions: The octahedral frame's center transition metal (Cu) exhibits an 

enormous interaction with the neighbouring F molecules. Cu, which can exist as Cu+ and Cu²⁺, 

forms bonds with a crucial covalent character because of its comparatively higher electronegativity 

than Cs.

Lu-Br/I Interactions: Despite Lu's elevated oxidation state and tendency to employ d-orbitals in 

bonding with Br/I, the Lu-Br/I interactions reveal a robust covalent nature with an aberrant ionic 

part.  Similar outcomes have already been reported in previous studies. [66,67].

Cu-Lu (Cu-Lu) Interactions: Depending on the specific metal involved, the electron density near 

Cu and Lu atoms fluctuates, suggesting that the percentage of covalent and ionic nature in the 

bonds varies.

In summary, the particular transition metal Cu affects the bonding behavior, which shows a 

combination of covalent and ionic interactions in Cs2CuLuY6.

Fig. 6: Charge density mapping of Cs2CuLuY6 (Y = Br, I)
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3.3. Optical properties

The way a material reacts with incoming light determines its optical traits, which are vital for 

evaluating the gadget's functionality. The dielectric constant 𝜀(𝜔) plays an important role in 

optoelectronic and photovoltaic applications. A low dielectric constant accelerates charge carrier 

recombination, whereas a high dielectric constant enables efficient charge storage and improved 

device performance [68]. Therefore, evaluating the dielectric constant is essential for determining 

the suitability of semiconductor materials for practical applications. The complex dielectric 

function, which can be represented employing the Ehrenreich and Cohen formalism, is frequently 

used to quantify this light-matter [69] as 𝜀(𝜔) = 𝜀1(𝜔) +𝑖𝜀2(𝜔). Here, ω denotes the angular 

frequency, whereas 𝜀1(𝜔)  and 𝜀2(𝜔) stands for the real and imaginary stands, respectively. The 

degree of polarization the compound may get in the presence of an external electric field is shown 

by the real components evaluated utilizing the Kramers-Kronig equation. Conversely, the 

imaginary part, evaluated from the Kohn-Sham formalism [11], characterizes the compound's light 

absorption capability.

𝜀1(𝜔) = 1 +
2
𝜋 𝑝

0

𝛼𝜔′∗𝜀2(𝜔′)

𝜔′2 ― 𝜔2 𝑑𝜔          (8)

𝜀2(𝜔) =
2𝜋𝑒2

𝛺𝜀0 𝑘,𝜐,𝑐

|⟨𝛹𝑐
𝑘│𝑢.𝑟│𝛹𝜐

𝑘⟩|2
𝛿 𝐸𝑐

𝑘 ― 𝐸𝜐
𝑘 ― 𝐸               (9)

Where 𝑝 designates the principal parameter. Meanwhile, the second relation employs symbols like 

𝑣, 𝑒, ℎ, 𝑝, 𝑘𝑛, and 𝑘′
𝑛 , which denote the unit cell volume, electronic charge, reduced Planck’s 

constant, momentum transition operator, valence band state, and conduction band state, 

respectively. The measured static dielectric constant 𝜀1(0)was determined to be around 2.90 for  

Cs2CuLuBr6 and 3.72 for Cs2CuLuI6.These data are depicted in Fig. 7(a).  Usually, materials with 

higher static dielectric constants generally inhibit charge carrier recombination significantly, 

consequently boosting the performance of optoelectronic apparatus. Suggesting that Cs2CuLuBr6 

is expected to demonstrate greater optoelectronic attributes than Cs2CuLuI6, owing to their larger 

𝜀1(0) values. Additionally, the evaluated static dielectric constant values for the Cs2CuLuY6 

compounds lie in the range of 2.0 to 10.0, proposing their feasibility for a wide range of 

technological applications, such as capacitor technologies and optoelectronic devices [70]. 

Notably, a higher 𝜀1(0)  data signifies strengthened reactivity to impinging electromagnetic 

radiation. The researched compounds show marked optical functionality across each of the VR 

and UV zones, as revealed by the peak data of 𝜀1(𝜔). 
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This correlates with Penn’s model, verifying an inverse association with the static dielectric 

constant and the band gap [71]. 

𝜀1(0) ≈ 1 +
ℏ𝜔𝑝

𝐸𝑔

2

                               (10)

Here, ℏ is the reduced Planck constant, and 𝜔ₚ denotes the plasma frequency. The highest values 

of the real dielectric constant in the UV zone were identified to be 5.1 for Cs2CuLuBr6 and 7.0 for 

Cs2CuLuI6.  ε1(0) is strongly correlated to a compound’s polarizability, signifying that greater 

polarizability results in optimal reaction to an applied electric field of materials, resulting in an 

elevated dielectric constant. Hence, Cs2CuLuI6 outperform polarizability in the UV zone, with the 

highest peak at 4.0 eV. When photon energy rises, the peak values of their polarization curves 

gradually decrease, suggesting that the material’s responsiveness to an external electric field 

diminishes when moving from lower to higher energy ranges.
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Fig.7: a) 𝜀1(𝜔): the real part of the dielectric constant, b) 𝜀2(𝜔): imaginary part of the dielectric 
constant, c) 𝑛(𝜔):refractive index and d) 𝛼(𝜔): absorption coefficient for the studied compounds.

𝜀2(𝜔) representing the material’s capability to absorb electromagnetic radiation.  Fig. 7(b) shows 

the first absorption peaks (FAP) lie around 3.1 eV for each Cs2CuLuI6 and Cs2CuLuBr6, indicating 

strong absorption within the visible range. These absorption energies, spanning the VR to UV 

zone, point out of the studied compounds as efficient alloys for making optoelectronic systems 

operating across this spectral zone. 

Derived from 𝜀1(𝜔) and 𝜀2(𝜔) Various optical parameters were calculated, like the real component 

of optical conductivity, the complex refractive index, the absorption coefficient, reflectivity, and 

the electron energy loss spectrum. All these optical parameters were evaluated utilizing  below 

standard formulas and widely accepted [72]. 
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                                            𝑛(𝜔) = 1
2

𝜀12(𝜔) + 𝜀22(𝜔) + 𝜀1(𝜔)
1
2  (11)

                               𝑘(𝜔) = 1
2

𝜀12(𝜔) + 𝜀22(𝜔) ― 𝜀1(𝜔)
1
2  (12)

𝐼(𝜔) = 2𝜔 𝜀12(𝜔) + 𝜀22(𝜔) + 𝜀1(𝜔)
1
2  (13)         

𝑅(𝜔) = ո(𝜔) ― 1
2

+ 𝑘2(𝜔)

ո(𝜔) + 1
2

+ 𝑘2(𝜔)
                          (14)

The refractive index 𝑛(𝜔) plays a vital role in designing optical instruments. It is commonly 

assessed to assess the functionality of materials in utilisatation such as solar cells and sensors. The 

real part of the refractive index, 𝑛(𝜔), indicates how much light is bent or refracted when passing 

through a material, thereby reflecting its optical transparency. The energy-dependent variation of 𝑛

(𝜔) is illustrated in Fig. 7(c). Notably, the trends observed in 𝑛(𝜔) closely follow those of the 

dielectric function 𝜀(𝜔), in accordance with the established theoretical relationship [73].

𝑛2(0) = 𝜀1(0)       (15)

The refractive index 𝑛(𝜔) exhibited static values of 2.00 and 1.92 at the first absorption peak for 

Cs2CuLuI6 and Cs2CuLuBr6 displayed values of 1.72. The maximum refractive index was 

observed at 2.71 at 4.31 eV and 2.32 at 6.00 eV for Cs2CuLuI6 and Cs2CuLuBr6, as illustrated in 

Fig. 7(c). These results indicate significant optical responsiveness within the UV to visible energy 

range for all investigated compounds. Compared to silicon nitride (refractive index of 1.9) [74] 

.Such materials are more ideal for solar energy devices. Besides, the enhanced transmittance is 

demonstrated by the antireflective.

The absorption coefficient, 𝛼(𝜔), is a metric for assessing the performance of Photoelectric 

gadgets, as it regulates the generation of charge carriers. If it’s high value, that signifies an 

improved absorptivity, thereby enhancement the photo response in systems like solar cells. The 

material’s optical response within the VR zone of 1.6 to 3.2 eV, corresponding to wavelengths at 

780 to 380 nm, is vital for applications in solar energy technologies and photonic gadgets. The 

first prominent peaks of the absorption coefficient 𝛼𝑚𝑎𝑥(𝜔)  in the VR to UV region are found at 

3.1 eV with 0.42 × 105 𝑐𝑚 for Cs2CuLuI6, and 3.8 eV with 0.48 × 105 𝑐𝑚 for Cs2AuLuBr6, as 

shown in Fig. 7(d). These results are well matched with the absorption coefficient observed in 

renowned solar cell materials, such as Si, revealing 𝛼(𝜔) between 10³ and 10⁵ cm-1, CIGS with 
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values between 10⁴ and 10⁵ cm-1, and CdTe demonstrating similar levels of 104 to 105 cm-1 [75]. 

Both investigated materials revealed steadily enhancing absorption coefficients across the near 

VR, with pronounced absorption extending well into the UV region. Each of the researched 

materials demonstrates strong absorptivity within the visible range, indicating their 

appropriateness as absorber layers in photovoltaic applications. This trait boosts their ability to 

capture incident light, indicating their potential to improve solar cell performance and overall 

energy conversion efficiency [76]. Moreover, our researched alloys exhibit greater absorption 

coefficients than other DPs (in the order of 10⁴), such as Cs₂AgBiI6 [77], Cs₂InCoX6 [78] and 

Cs₂CuBiX6 (X = Cl/Br/I) [79].

 

The optical conductivity of a compound is intensely determined by its photon absorptivity. It 

serves as a metric that links optical reflectivity with frequency and indicates how efficiently carrier 

mobility enables photoconductivity. Peak optical conductivity of Cs2CuLuI6 is above 4 eV, and 

for Cs2CuLuBr6 at 6.9 to 7.8 eV, with associated conductivity values of 5500 and 3400 Ω-1cm-1, 

respectively, shown in Fig. 8(a). All materials demonstrate fairly low optical conductivity 

throughout the visible spectrum, which increases gradually with increasing photon energy. A wider 

absorption band that spreads toward larger photon energy above the initial peak implies deeper 

electronic transitions within the compounds. Such spectral characteristics offer valuable 

information about the underlying electronic structure and highlight the potential of Cs₂CuLuY6 

materials for wide-ranging optoelectronic gadgets.

The percentage of falling light in the surface of materials that is reflected off a semiconductor's 

surface is measured by optical reflectivity R(ω). The initial reflectivity values were computed as 

0.10 and 0.07 for Cs2CuLuI6 and Cs2CuLuBr6, respectively. The values of R(ω) are elevated with 

rising photon energy, resulting in pronounced peaks in the visible range for both compounds. The 

peak reflectivity in the UV zone was found to be 0.28 and 0.20 for Cs2CuLuI6 and Cs2CuLuBr6, 

respectively, as illustrated in Fig. 8(b). Reflectivity increases with photon energy and becomes 

higher in the ultraviolet (UV) region, showing a trend similar to other double perovskites [80]. 

Additionally, the coupling of high-index with low reflectance makes the Cs2CuLuY6 material 

promising for applications in  LEDs and other optoelectronic systems [81]. For both compounds, 

reflectance remains low within the energy range extending below the bandgap. This suggests that 
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Cs2CuLuY6 are transparent to incident photons within this range, making it a highly suitable 

candidate for lenses designed to operate in this range [82].

DP materials' energy loss spectra indicate their ability to scatter light at different photon energies 

or frequencies. As depicted in Fig. 8(c), the Cs2CuLuY6 materials reveal their most pronounced 

loss function peaks in the UV region, achieving values of 0.21 and 0.25 for Cs2CuLuI6 and 

Cs2CuLuBr6 at photon energies of 5.2 and 6.7 eV, respectively. In the visible spectrum, these 

materials show low energy-loss values. With increasing photon energy, the loss spectra follow a 

fluctuating pattern of rise and fall, pointing out the dynamic response of these DPs to incident 

radiation
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Fig. 8: a) 𝜎(𝜔):real optical conductivity, b) 𝑅(𝜔):optical reflectivity, and c) 𝐸𝑙𝑜𝑠𝑠:electron energy 

loss of the Compound.

3.4. Thermoelectric (TE) properties

As global energy needs continue to rise, researchers are increasingly exploring advanced 

approaches to capture renewable and environmentally friendly energy sources [83]. 

Thermoelectric materials hold great promise due to their distinctive capability of converting waste 

heat to one of the most abundant yet underutilized energy sources directly into electricity. 

Recovering this heat can substantially enhance the efficiency of industrial operations while 

lowering overall energy consumption. Thermoelectric generators that exploit waste heat are 

increasingly recognized as a sustainable pathway for future clean energy technologies. In this 
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work, the thermoelectric characteristics of Cs2CuLuY6(Y = Br, I), a family of double perovskite 

compounds, were explored. In essence, the study focused on how these materials can transform 

thermal energy into electrical power through simulations that model electron transport under 

external forces. A key parameter in this process is electrical conductivity, which determines how 

effectively charge carriers move within the system. The findings confirm that Cs2CuLuY6(Y = Br, 

I) behave as a semiconductor with an indirect band gap. This means the points of lowest energy in 

the conduction band [84] and highest energy in the valence band (minimum and maximum, 

respectively) occur at different locations within the material's Brillouin zone. Because the valence 

and conduction band edges occur at different momentum points, electrons transitioning between 

them require assistance from lattice vibrations (phonons) to satisfy momentum conservation. Such 

an indirect transition feature is typically regarded as advantageous for thermometric applications. 

To analyze these materials' potential for thermoelectric applications, we used the BoltzTraP2 code 

[85,86], which is based on Boltzmann transport theory. This code estimated properties like 

electronic thermal conductivity (𝑘𝑒), electrical conductivity (𝜎), power factor (𝑃𝐹), and Seebeck 

coefficient (𝑆). It assumes a constant relaxation time (10-14 seconds) for electrons. We calculated 

the lattice thermal conductivity (𝑘𝐿) using the Slack equation because BoltzTraP2 has limitations 

in this area. Finally, we combined the electronic and lattice contributions (𝑘𝐿) to determine the 

overall thermal conductivity (𝑘) and calculate the figure of merit (ZT) for these compounds.
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Fig. 9: a) 𝜎: Electrical conductivity, b) 𝑘𝑒: Electronic conductivity, c) 𝑘𝐿: thermal conductivity, d) 

S: See-beck coefficient e) 𝑃𝐹: Power factor, f) 𝑍𝑇: Figure of merit without phonon contribution 

of studied material.
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3.4.1 Electrical Conductivity 

The electrical conductivity (𝜎) of the studied materials is plotted in Fig. 9(a) across a temperature 

range of 0 K to 1200 K. As the temperature rises, so does the electrical conductivity. This behavior 

is characteristic of semiconductors, where higher temperatures elevate the kinetic energy of 

electrons, making them more efficient conductors. Additionally, electrical conductivity is directly 

related to the charge carrier concentration, as expressed by the following equation [87]:

        𝜎 = 𝑛𝑒𝜇       (16)

Where, 𝑒 is an electronic charge and 𝜇 is mobility. The rise in 𝜎 is attributed to the augmentation 

of 𝑁 as temperature increases, as shown in Fig. 9(a). Between 100 K and 1200 K, Cs2CuLuBr6 

exhibit a nearly identical rise in electrical conductivity. However, Cs2CuLuBr6 shows an increase 

up to around 500 K, after which its conductivity begins to decline. In contrast, Cs2CuLuI6 displays 

a gradual increase from about 300 K up to 1200 K. 

For Cs2CuLuBr6, the conductivity begins at 0.50 × 1019 (1/Ωms) at 300 K, reaches a peak of 0.98 

× 1019 (1/Ωms) at 500 K, and then decreases with further heating. On the other hand, Cs2CuLuI6 

shows a conductivity of 0.00 × 1019 (1/Ωms) at 100 K, gradually increasing to 0.50 × 1019 (1/Ωms) 

at 1200 K. Additionally, electrical conductivity exhibits a strong correlation with temperature. At 

high temperatures, two phenomena come into play: bond cleavage and the presence of highly 

energetic electrons. Bond cleavage within the material creates additional free carriers, while the 

increased thermal energy excites existing electrons, making them move more freely. Both factors 

contribute significantly to the observed rise in 𝜎. This emphasizes the combined effect of increased 

carrier concentration (𝑁) and mobility (𝜇) due to temperature, ultimately leading to a stronger 

relationship between 𝜎 and temperature. It also connects this concept to thermoelectric 

performance, suggesting that this behavior could be beneficial at elevated temperatures. 

3.4.2 Thermal conductivity 
Thermal conductivity (𝑘)is another critical parameter for thermoelectric materials. It represents a 

material's ability to conduct heat, and it can be divided into contributions from electrons (𝑘𝑒) and 

phonons (𝑘𝐿), where𝑘 = 𝑘𝑒 + 𝑘𝐿. The electronic component (𝑘𝑒) is related to electrical 

conductivity (𝜎) through the Widemann-Franz Law (𝑘𝑒 = 𝐿𝜎𝑇, where 𝐿 is the Lorentz number 

and 𝑇 is absolute temperature. The analysis of electronic conductivity (𝑘𝑒) also supports the 

semiconducting nature of these materials, as shown in Fig. 9(b).
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Fig. 9(c) shows the lattice or phonon thermal conductivity (𝑘𝐿) of Cs2CuLuY6(Y = Br, I) across 

the temperature range for both materials. These can be calculated by the popular Slack’s equation, 

which is:

𝑘𝐿 =
𝐴Ѳ3

𝐷𝑉
1
3𝑚

𝛶2𝑁
2
3𝑇

      (17)

Here, A is a constant, 𝛿 denotes the cube root of the average atomic volume, 𝑀𝑎𝑣 represents the 

average atomic mass, 𝜃𝐷 refers to the Debye temperature, γ is the Grüneisen parameter, 𝑁 indicates 

the number of atoms per unit cell, and T stands for the absolute temperature measured in Kelvin. 

At 1200 K, Cs2CuLuI6 exhibits the highest thermal conductivity, reaching 1.18 × 1015 𝑊𝑚-1K-1. 

In contrast, Cs2CuLuBr6 shows a much lower value of 0.10 × 1015 𝑊𝑚-1K-1 at 500 K.

Notably, both materials experience a significant drop in 𝑘𝐿values at higher temperatures, reaching 

values of 0.021 𝑊𝑚-1K-1 for Cs2CuLuI6 and Cs2CuLuBr6, respectively, at 1200K. These low lattice 

thermal conductivity  values are favorable for thermoelectric devices [88]. These values indicate 

that Cs2CuLuY6 can efficiently impede heat flow within the material, allowing a larger temperature 

difference to be maintained across the device. This temperature difference is crucial for 

thermoelectric conversion efficiency. 

3.4.3 Seebeck coefficient 

The See-beck coefficient (𝑆), a measure of a material's thermometric properties, is plotted in Fig. 

9(d) for Cs2CuLuY6(Y = Br, I). When a temperature gradient is established across a material, it 

induces the generation of an electromotive force (emf) [89], as indicated by the positive Seebeck 

coefficient values (0.50 mV/K for Cs2CuLuI6 and 0.18 mV/K for Cs2CuLuBr6 at 300 K). Such a 

trend is typical for p-type semiconductors, in which holes act as the primary charge carriers. 

Notably, the Seebeck coefficient remains positive across the studied temperature interval (100 K 

to 1200 K), but its value gradually declines as temperature rises. This reduction indicates a delicate 

balance between carrier density and thermal effects, ultimately influencing the thermoelectric 

efficiency of the material. 

𝑆 =
8𝜋2𝑘2

𝐵
3ℎ2𝑒

𝜋
3𝑁

2
3
𝑚∗𝑇       (18)

The observation of a positive Seebeck coefficient is consistent with earlier reports, where the 

electronic band structure places the Fermi level (𝐸𝐹)  near the top of the valence band [90], thereby 

reinforcing the p-type nature of these compounds
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3.4.4 Power factor 

The power factor (𝑃𝐹) serves as an essential indicator for evaluating the potential of materials in 

thermoelectric applications. It reflects a balance between electrical conductivity (𝜎) and the 

Seebeck coefficient (𝑆), which represents the ability to convert heat into electrical energy. 

Mathematically expressed as 𝑃𝐹 = 𝑆2𝜎, a higher value indicates better thermoelectric efficiency. 

Literature suggests that a 𝑃𝐹 of 1 or greater is generally regarded as favorable for practical 

thermoelectric devices [91]. Fig. 9(e) represents the temperature dependence of the power factor 

for Cs2CuLuY6(Y = Br, I). Interestingly, the trend reveals an opposing effect between 𝑆 and 𝜎. 

While the Seebeck coefficient decreases with increasing temperature, electrical conductivity 

increases. This interplay significantly impacts the overall power factor. The low/high-temperature 

power factor values are 0.00/2× 1011 W/msK  and for Cs2CuLuI6, 1.50 1011/0.5× 1011 W/msK for 

Cs2CuLuBr6. The findings indicate that the examined compounds exhibit strong potential for 

thermoelectric applications, especially under high-temperature conditions.

3.4.5 Figure of merit 

The thermoelectric performance of a material is commonly evaluated using the figure of merit (𝑍𝑇

), a dimensionless quantity that measures its overall efficiency. The figure of merit depends on a 

material’s electrical conductivity (𝜎), Seebeck coefficient (𝑆), and thermal conductivity (𝑘). In 

several studies, researchers have focused primarily on the electronic part of this parameter, which 

can be expressed as:  

𝑍𝑇 =
𝑆2𝜎
𝑘𝑒

𝑇      (19)

Fig. 9 (f) shows the 𝑍𝑇 value beyond the lattice or phonon contribution, where this value decreases 

and increases with increasing temperature. Using this approach, the calculated ZT values were 

found to be 0.99 at 100 K and 0.92 at 1200 K for Cs2CuLuI6, 0.68 at 100 K and 0.69 at 1200 K for 

Cs2CuLuBr6. In comparison, Cs2CuLuI6 exhibits higher 𝑍𝑇 values than the Cs2CuLuBr6, primarily 

due to its very low lattice thermal conductivity (𝑘𝐿). These outcomes highlight the promise of 

Cs2CuLuY6 compounds for thermoelectric device applications, especially at ambient conditions. 

It is worth noting that lattice thermal conductivity estimated using Slack’s equation often yields 

larger values compared to approaches like the BTE method. Therefore, it can be expected that the 

actual 𝑍𝑇 values will be greater than those calculated here, reinforcing the potential of the 

examined double-halide perovskites as strong candidates for thermoelectric technologies.
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3.4.6 The Seebeck coefficient as a function of chemical potential

The Seebeck coefficient (𝑆) of Cs2CuLuY6 (Y = Br, I) is evaluated using the ratio of voltage (𝑉) 

to the applied temperature gradient (𝛥𝑇), expressed as 𝛥𝑆 = 𝑉 ∕ 𝛥𝑇. The correlation between 

chemical potential and variations in S is illustrated in Fig. 10(a-d) for Cs2CuLuI6 and Cs2CuLuBr6. 

A positive 𝑆 value signifies that holes dominate as charge carriers, whereas a negative 𝑆 reflects 

electron-driven transport. For the n-type phases of Cs2CuLuI6 and Cs2CuLuBr6, the coefficient 

remains negative, while the p-type counterparts exhibit positive values. At room temperature, the 

Seebeck coefficient values for the p-type variants are approximately 3.0 and 2.5 mV/K, 

respectively.

The results further reveal that 𝑆 attains its maximum near 300 K, followed by a noticeable decline 

at around 600 K. For the n-type compounds, the magnitude of 𝑆 consistently decreases with rising 

temperature. Overall, the studied materials display a clear dominance of p-type carriers, as 

evidenced by their comparatively larger 𝑆 values relative to n-type carriers, whose contribution 

weakens at elevated temperatures. This behavior arises because, at lower temperatures, these 

semiconductors possess a limited number of intrinsic carriers. As the thermal energy increases, 

more electrons are excited into the conduction band, reducing the Seebeck coefficient accordingly 

[92].

Fig. 10: Relation between chemical potential and Seebeck coefficient of Cs2CuLuY6 (Y = Br, I) 

3.4.7 Relation between chemical potential and electrical conductivity

In semiconductors, electrical conductivity arises from the combined contribution of both electrons 

and holes. Fig. 11(a-d) depicts how conductivity varies with chemical potential at different 
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temperatures. The results reveal that Cs2CuLuI6 display a steady increase in conductivity as the 

temperature rises, whereas Cs2CuLuBr6 exhibit a decreasing trend with higher temperatures. The 

maximum conductivity values are 15.6 × 1019 and 15.3 × 1019 (Ω.ms)⁻¹ at 300 K and 600 K for 

Cs2CuLuI6 at -1.8 eV; and 10.2 × 1019 and 9.2 × 1019 (Ω.ms)-1 at 300 K and 600 K for Cs2CuLuBr6 

at 3.5 eV.

Fig. 11: Relation between chemical potential and electrical conductivity of Cs2XLuY6 (X = Cu, 

Au; Y = Br, I) 

 

3.5. Thermo-mechanical properties

The determination of the elastic constants 𝐶11, 𝐶12, and 𝐶44 for cubic alloys is crucial for 

understanding their mechanical stability, bonding nature, ductility, and overall mechanical 

behavior as well as how they respond to externally applied forces. For cubic crystals, these 

constants satisfy the relations: 𝐶11 = 𝐶22 = 𝐶33, 𝐶12 = 𝐶32 = 𝐶13, and 𝐶44 = 𝐶55 = 𝐶56. 

Mechanical stability requires satisfying the Born stability criteria [93]:𝐶11 ―2𝐶12 > 0, 𝐶44 > 0, 𝐶11

> 𝐵 > 𝐶12 and 𝐶11 ― 𝐶12 > 0 . Our calculations confirm these criteria, indicating the mechanical 

stability of the Cs2CuLuY6 (Y = Br, I). Additionally, both computed elastic constants are positive, 

so a Born-Huang stability criterion for Cs2CuLuY6 is completely justified.

Mechanical properties such as shear modulus, Cauchy pressure, bulk modulus, Young's modulus, 

Poisson's ratio, Pugh's ratio, and anisotropic ratio are essential for assessing material performance 

displayed in the Table. For Cs2CuLuY6 (Y = Br, I), the bulk modulus (𝐵), shear modulus (𝐺), and 
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Young's modulus (𝑌) indicate resistance to volume, shear, and longitudinal deformation, 

respectively. A higher bulk modulus than a shear modulus shows better deformation resistance, 

and a high Young's modulus indicates stiffness.

Table 4: Elastic parameters and mechanical stability of studied compounds with reference 
materials:

Cauchy pressure (𝐶𝑝 = 𝐶12 ― 𝐶44) and Pugh's ratio are used to determine ductility or brittleness: 

a positive Cauchy pressure along with a Pugh's ratio exceeding 1.75 signifies ductile behavior. Our 

materials, Cs2CuLuY6 (Y = Br, I), are ductile with Cauchy pressure and Pugh's ratio values. 

Poisson's ratio (𝜎) values above 0.26 also indicate ductility, as seen in our materials with 𝜎 in 

Table 4. Materials with a lower Poisson's ratio (𝜎) values exhibit higher stability under shear stress. 

Elastic constant Cs2CuLuI6 Cs2CuLuBr6
Cs2GeZnI6 

[33]
Cs2CdBeCl6 

[35]
Cs2SnBeCl6 

[35]
C11 (GPa) 38.62 48.86 30.67 47.38 44.93
C12 (GPa) 13.56 18.97 9.60 24.41 19.27
C44 (GPa) 10.57 15.13 9.83 23.42 17.72
𝐵 (GPa) 21.91 28.94 16.62 32.07 27.82
G (GPa) 11.31 15.05 10.11 17.59 15.56
Y (GPa) 28.95 38.49 25.22 44.60 39.36

B/G 1.93 1.86 1.64 1.82 1.78
𝜎 0 .27 0.27 0.24 0.26 0.26

𝐶𝑝 = 𝐶12 ― 𝐶44 2.99 3.84 - 0.23 0.99 1.55
𝜇 = 𝐵 𝐶44 2.07 1.91 - - -

ξ 0.49 0.52 - - -
H 1.74 2.32 - - -
A 0.84 1.01 0.94 2.03 1.38

Elastic Debye temperature, ƟD 
(k) 143.23 180.47 - - -

Transverse sound velocity, Vt 
(m/s) 1495.77 1748.16 - 2187.25 2148.62

Longitudinal sound velocity, Vl 
(m/s) 2705.16 3154.02 - 3885.77 3795.55

Averaged sound velocity, Vav 
(m/s) 1666.54 1947.38 - 2431.60 2387.53

Melting point, Tm (±300K) 781.24 ±
300

841.81 ±  
300

734.28 ±
300 833.01 ±  300 818.54 ±  300

Mini. thermal conductivity, 
Kmin (Wm-1K-1) 0.23 0.29 - - -
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Table 4 presents the evaluated hardness values. The Hv for Cs2CuLuI6, and Cs2CuLuBr6 are 1.74 

GPa and 2.32 GPa, respectively. These materials are considered soft compared to diamonds, which 

have hardness values ranging from 70 to 150 GPa [94].

A material is isotropic if the anisotropy index (𝐴) equals 1, and anisotropic if A is either less than 

or greater than 1 [95]. By examining the variation of physical properties and elasticity in both 2D 

and 3D representations, we can grasp the concept of anisotropy. If they're perfectly circular in 2D 

or spherical in 3D, they're isotropic. Otherwise, they're anisotropic. As a result, the assessed value 

of Cs2CuLuY6 (Y = Br, I) shows that all compounds exhibit anisotropic behavior (Table 4) and 

fig. 15. Fig. (12-13) demonstrates the directional variation of Young's modulus (Y), shear modulus 

(G), and Poisson's ratio (ν) for the Cs2CuLuY6 (Y = Br, I).

Cs2AuLuI6

2D 3D

(a)

(b)
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(c)

Fig. 12: 2D and 3D anisotropic representation of Cs2CuLuI6

Cs2AuLuBr6

2D 3D

(a)

(b)
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(c)

Fig. 13: 2D and 3D anisotropic representation of Cs2CuLuY6

The Kleinman parameter (ξ), typically ranging from 0 to 1, measures resistance to stretching and 

bending. It is   0.49 for Cs2CuLuI6 and 0.52 for Cs2CuLuBr6 (Table 6), suggesting strong mechanical 

properties and minimal bond stretching [96].

     Fig. 14: Mechanical stability, ductility, and anisotropy of (a) Cs2CuLuI6, (b) Cs2CuLuBr6

Elastic constants serve as useful parameters for estimating a material’s melting point and Debye 

temperature. Atomic vibrations in a crystal lattice can be viewed as sound waves, and the Debye 

temperature represents the point at which atomic vibrations within a solid become fully active. The 

computed Debye temperature (𝜃𝐷) values can be arranged in the following sequence: Cs2CuLuBr6 

> Cs2CuLuI6, and the average sound velocity (𝑉𝑎𝑣 follows the same trend as the Debye 

temperature. Higher Debye temperatures can impact energy conversion efficiency by 
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strengthening atomic bonds and improving thermal stability. The ultrasonic wave velocities in the 

double perovskite materials are determined using solid-state electrochemical cell techniques. The 

longitudinal (𝑉𝑙) and transverse (𝑉𝑡) sound velocities are used to calculate the average sound 

velocity (𝑉𝑎𝑣 . The melting temperature is the point at which a substance transitions from solid to 

liquid. Materials with higher melting temperatures have stronger atomic interactions and greater 

bonding energies. Based on the results, the materials exhibit these characteristics in the following 

order: Cs2CuLuBr6 > Cs2CuLuI6. The Cahill formula is also utilized to estimate the minimum 

thermal conductivity (𝐾𝑚𝑖𝑛) [97]. Low thermal conductivity reduces internal heat buildup, helping 

to prevent material degradation and improve overall efficiency. Double perovskites possessing low 

thermal conductivity can enhance power conversion efficiency in solar cells by minimizing heat 

loss and facilitating the transformation of waste heat into usable energy. Cs2CuLuBr6 > Cs2CuLuI6 

as minimum thermal conductivity (𝐾𝑚𝑖𝑛).

Fig. 15: Free energy (G), Entropy (S), and Heat capacity (CV) thermal curves.

Fig. 15 illustrates the variation of Helmholtz free energy (G), internal energy (U), entropy (S), and 

heat capacity (CV) with temperature. As observed, the free energy decreases steadily as 

temperature rises, whereas both internal energy and heat capacity show an increasing trend for the 

studied compounds. Entropy, however, exhibits a sharp rise from 0 K to 100 K, after which it 

remains nearly constant. These thermodynamic parameters were determined at zero pressure using 

the quasi-harmonic approximation (QHA). From the plots, it is evident that at very low 

temperatures, the free energy (G), internal energy (U), and heat capacity (CV) are nearly zero. In 
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contrast, the initial entropy (S) values for Cs2CuLuI6 and Cs2CuLuBr6 are approximately -630 and 

-710 kJ/mol, respectively. Since negative free energy values are indicative of thermodynamic 

stability [98]. All investigated double perovskites can be considered stable under the studied 

conditions. Additionally, Fig. 15 highlights the entropy behavior, which reflects the system’s 

thermal energy. At 0 K, the entropy of all compounds is zero, but it increases with temperature as 

atomic vibrations become more pronounced. The entropy reaches a maximum of about 100 

J/K·mol at 100 K and then levels off. Likewise, the heat capacity (CV) increases almost linearly 

with temperature, attaining a peak of ~400 J/K.mol at 1200 K for all the compounds. Table 4 

clearly shows that the calculated properties of our studied material are in close agreement with 

previously reported Cs-based reference materials, thereby validating the accuracy and reliability 

of our present study.

Overall, these findings confirm that Cs2CuLuY6 perovskites exhibit excellent thermodynamic 

stability and are therefore suitable for a broad range of technological applications.

4. Conclusion

In this study, the structural, electronic, optical, thermo-mechanical, and thermoelectric properties 

of Cs2CuLuY6 (Y = Br, I) double perovskites were systematically explored using density 

functional theory (DFT). Structural stability was verified through tolerance factors, octahedral 

factors, modified tolerance factor, formation energy, and thermodynamic analysis via Helmholtz 

free energy, entropy, and heat capacity. Phonon dispersion results reveal the absence of imaginary 

frequencies, confirming the dynamical stability of these compounds. The calculated elastic 

constants fulfilled Born’s stability criteria, while Poisson’s ratio and Pugh’s ratio confirmed the 

ductile character of these compounds. The anisotropy index further revealed their anisotropic 

nature. Electronic structure analysis confirms that Cs₂CuLuY₆ compounds exhibit indirect band 

gaps and semiconducting behavior. The obtained band gap range lies within the favorable window 

for visible-light absorption, indicating their potential for light-harvesting and optoelectronic 

applications. Optical investigations revealed strong absorption extending from the visible to 

ultraviolet region, with relatively low reflectivity and high refractive index, making them suitable 

for applications in solar absorbers, LEDs, and photonic devices. Thermoelectric analysis indicated 

that Cs2CuLuI6 exhibits the highest figure of merit (ZT = 0.99 at 100 K and 0.92 at 1200 K), 

attributed to its low lattice thermal conductivity, whereas Cs2CuLuBr6 also exhibits moderate 

Page 35 of 46 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
6:

42
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6YA00011H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00011h


thermoelectric potential. The Seebeck coefficient values confirmed p-type semiconducting 

behavior, with significant contributions from hole carriers across the studied temperature range. 

Together, these findings establish Cs2CuLuY6 perovskites as multifunctional materials with 

potential for energy-harvesting. Their combined optoelectronic and thermoelectric capabilities 

highlight Cs2CuLuY6 as a promising candidate for next-generation renewable energy applications.
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