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A B S T R A C T   

Recently synthesized industrially significant perovskites Cs3Cu2X5 (X = Cl,Br, I) are subjected to 
a density functional theory (DFT) investigation utilizing the CASTEP code. This study explores 
various physical features, including structural, optical, thermodynamic, elastic, mechanical, and 
electronic properties. There is a strong correlation between the optimized structure parameters 
and the existing experimental data, which demonstrates the reliability of our DFT-based com-
putations. The band structure and density of states (TDOS and PDOS) analysis revealed that all 
the studied perovskites are direct band gap semiconductors, and Cs3Cu2Br5 has the smallest band 
gap (2.092 eV). We also discussed the mechanical and cell stability using the Born stability cri-
terion and formation energy, respectively. The mechanical and dynamic stability of each phase is 
confirmed by the analysis of the elastic constants. According to the computed values of Pugh’s 
and Poisson’s ratios as well as Cauchy’s pressure, all of the studied compounds are ductile in 
nature. The study of density of states, total charge density, and Mulliken atomic populations 
reveal that all the compounds have complex bonding with both ionic and covalent properties. 
Finally, utilizing the elastic constant data, the Debye temperatures of Cs3Cu2Cl5, Cs3Cu2Br5, and 
Cs3Cu2I5 have been determined as 82.90 K, 100.00 K, and 80.70 K, respectively. The analysis of 
thermodynamics (relatively low values of both ΘD and Kmin) as well as optical properties indicate 
that all the investigated materials have the potential to serve as thermal barrier coating (TBC) 
materials.   

1. Introduction 

Halide perovskites have garnered a lot of attention from researchers and specialists throughout the world who work to advance 
optoelectronic and photovoltaic technology. The materials are intended to be used in various solar and photovoltaic applications due 
to their predominant physiochemical properties, with an enhanced power conversion efficiency of over 22% [1]. The highest observed 
PCE is 25.2% for MAPbI3 solar cells [2]. Compared to other materials, perovskites have a higher potential for industrial applications 
due to their abundance and desirable physical properties, such as a tunable bandgap, strong absorption across a broad spectrum, 
decreased reflectivity, excellent photoconductivity, high mobility with low carrier effective masses, and long duration charge diffusion 
paths [3–9]. Perovskite-based solar technology is predicted to be more efficient and less expensive than traditional techniques 
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associated with silicon [10]. The halide hybrid perovskites still face many challenges in the commercialization process due to their 
structural instability and ease of decomposition when exposed to humidity, moisture, temperature, and UV light, despite the 
tremendous research and technological advancements in this field. Additionally, most of those materials present toxic lead, which 
seriously impacts our ecosystem [11,12]. Because of this, it is preferred to substitute non-toxic stable alternative elements for to create 
environmentally perovskites that have comparable optoelectronic properties to lead-based perovskites. 

To provide improved stability and reduced toxicity of all inorganic copper-based compounds, researchers started using Cu2+ rather 
than harmful Pb2+ [13]. Sn-based perovskite exhibits poor stability among lead-free perovskites and is challenging to use in appli-
cations because Sn (II) oxidation is inevitable [14]. Many lead-free halide perovskite materials have been reported since Snaith’s team 
initially used CH3NH3SnI3 as photoactive material [15]. These materials are frequently used in solar cells, photodetectors, LEDs, and 
field-effect transistors (FETs) [15]. Ge-based inorganic perovskites, which have more excellent conductivity and absorption than 
Pb-based perovskites, are now a potential replacement for Pb. Additionally, they assert that CsGeI3 is the best Pb-free halide material, 
although it is brittle and CsGeBr3 is ductile [16,17]. Numerous attempts have been done to develop Pb-free perovskites, among the 
inorganic compounds Cs3Bi2I9 [18], Cs3Cu2I5 [19,20], Cs3Cu2X5 [21–23,24,25], and others, as well as the organic-inorganic (hybrid) 
compounds (C4N2H14Br)4SnBr6 [26], (C9NH2O)2SbCl5 [27], [Mn(DMSO)6]14 [28], (C18H35NH3)2SnBr4 [29] perovskites. In particular, 
the Cu-based non-toxic zero-dimensional perovskite-like derivatives Cs3Cu2X5 (X = Cl,Br, I) with self-trapped exciton 
photo-luminescence exhibit some excellent characteristics, such as broad emission spectrum, large exciton binding energy, strong 
photoluminescence, high photoluminescence quantum yield (PLQY), and tunable emission wavelength, which have made outstanding 
contributions to the field of optoelectronics [21–23,30–32]. Although the synthesis and exceptional properties of low-dimensional 
copper halides Cs3Cu2X5 (X = Cl,Br, I) have been reported recently, a comprehensive theoretical investigation of their physi-
ochemical properties is still lacking. 

This paper presents and analyzes various physical properties of a novel class of Cu-based eco-friendly perovskites Cs3Cu2X5 (X = Cl,
Br,I). Using first-principles DFT computation for the first time, we have researched Pb-free Cu-based halide perovskites Cs3Cu2X5 (X =

Cl,Br, I) to reveal the features of the materials to attain optimal characteristics suited for optoelectronic and photovoltaic purposes. The 
structural, optical, electronic, elastic, mechanical, and thermodynamic properties of three Pb-free perovskites were studied. This study 
will increase understanding of Pb-free Cu-based perovskites and contribute to developing non-toxic Cu-based perovskites for solar cells 
as well as other optical and electronic applications. 

2. Computational methods 

A first-principles calculation based on DFT was utilized to investigate the precise physical characteristics of Cs3Cu2X5 (X = Cl,Br, I)
semiconductors. Using the CASTEP program, the analyses were performed [33–36]. Generalized gradient approximation (GGA) is used 
to investigate the exchange-correlation energy function created by Perdew, Burke, and Ernzerhof [37]. Pseudoatomic computations 
were implemented owing to the valence electrons Cs − 6s1, Cu − 3d94s2, Cl − 3s23p5, Br − 4s24p5, and I − 5s25p5 for perovskites 
Cs3Cu2X5 (X = Cl,Br, I) semiconductors. In the optimization case, the Venderbilt-type ultrasoft pseudo-potential was applied to 
simulate the interactions between ions and electrons in Cs, Cu, Cl, Br, and I [38]. Using the Monkhorst-Pack approach, the k-points 
sampling located in the Brillouin zone was created in all cases [39]. In all cases, Brillouin zone sampling with k-points 6 × 6 × 6 was 
used. To expand plane wave functions, 450 eV was used as the cut-off energy. The best atomic positions and lattice properties for every 
compound were determined using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme [40]. The unit cell and atomic relaxation 
were measured using 1 × 10− 5 eV/atom total energy, 0.03 eV/Å maximum force, 0.001 Å maximum displacement, and 0.05 GPa 
maximum stress. In order to determine the elastic constants of Cs3Cu2X5 (X = Cl,Br, I) semiconductors, the “stress-strain” theory [41] 
was applied. Voigt-Reuss-Hill (VRH) approximations were used to get the elastic moduli from the elastic constants [42–44]. 

Fig. 1. The lattice consists of (a) two-dimensional chains of [Cu2X5]
− 3 units parallel to the c axis, divide by rows of Cs+ ions and (b) three- 

dimensional crystal structure of Cs3Cu2X5 (X = Cl,Br, I) semiconductors. 
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3. Results and discussion 

3.1. Structural properties 

The lead-free Cu-based halide perovskites, Cs3Cu2X5 (X = Cl,Br,and I), crystallise in the orthorhombic structure with space group 
Pnma (#62) [30–32,45]. There are 40 atoms in a crystallographic unit cell, where 12 Cs atoms in the body-centered position at 1 b 
Wyckoff point, 8 Cu atoms in the corner-centered position at 1a Wyckoff point, and 20 × atoms holding the side-centered position at 3 
d Wyckoff point, with fractional coordinates of (0.0387, 0.9868, 0.679), (0.2077, 0.25, 0.549), and (0.0235, 0.75, 0.4892), respec-
tively [45]. Fig. 1 (a, b) shows the unit cell of a hypothetical perovskite crystal Cs3Cu2X5 composed of the elements Cs, Cu, and X (X =
Cl, Br, I). Table 1 displays our optimized structural finding and optimal cell volume of Cs3Cu2X5 perovskites. In Table 1, we see that the 
predicted optimized structural parameters for the compounds under study agree very well with the findings of the available experi-
mental research. The structural properties of the investigated compounds are predicted to change regularly due to the periodic 
replacement of atoms. Our results also imply that the structural characteristics of considered perovskites shift periodically when 
similar atoms replaced periodically. The replacement of chlorine with bromine and iodine is seen to cause periodic increases in the 
optimized lattice parameters and unit cell contents [21,30–32,45]. Similarly, the lattice constants are decreased when chlorine and 
bromine replaced iodine. Consequently, it is desirable to tune the optoelectronic properties due to the periodic change in structural 
features. We also compute the formation energy for the considered compounds using the following equation (1) to confirm their phase 
stability [24,25,46]. 

ΔEf (Cs3Cu2X5)=
Etot(Cs3Cu2X5) − 12 × Es(Cs) − 8 × Es(Cu) − 2 × Es(X)

N
; (X =Cl,Br, I) (1)  

Here, Es(Cs), Es(Cu), and Es(X) denote the energy of the corresponding atoms of Cs, Cu, and X, whereas Etot(Cs3Cu2X5) represents the 
total energy of Cs3Cu2X5, and N denotes all the atoms in the unit cell. All of the investigated compounds have negative formation 
energy values, indicating they are thermodynamically stable. 

3.2. Optical properties 

The optical properties of the Pb-free inorganic halide perovskites Cs3Cu2X5 (X= Cl,Br, and I) are studied in the CASTEP module 
using first-principles DFT calculations for the photon energies ranging 0–30 eV. Optical properties explain how materials behave when 
exposed to electromagnetic radiation and also describe the material’s potential and performance in a device [21–23]. These properties 
include absorption, dielectric function, conductivity, reflectivity, loss function, and refractive index. 

The dielectric function accurately describes the optoelectronic device’s response to incident electromagnetic radiation. The real 
and imaginary dielectric functions were shown in Fig. 2(a) and (b), respectively. Our findings indicate that Cs3Cu2X5 have the greatest 
dielectric constants in the lower-energy area (0–4 eV). However, substituting a halogen atom with another halogen results in a 
remarkable change in the dielectric function. In the infrared to ultraviolet region of the electromagnetic spectrum, the inorganic 
compound Cs3Cu2Cl5 has the strongest dielectric function, making it better suited for photovoltaic applications [19]. When I is 
substituted by Br and Cl, the dielectric function value decreases and the peaks shift to the high-energy region of the spectrum. 

Optical absorption describes the depth to which incident radiation of a given intensity enters a substance before being absorbed. 
Fig. 3(a) displays the computed absorbance spectra for the considered Cs3Cu2X5 semiconductors. The most significant energy range of 
absorption is between 2.5 eV and 25 eV. Absorption spectra of Cs3Cu2I5 show a maximum initial peak at 8 eV. The results demonstrate 
that when one halogen is replaced by another, the absorption coefficient changes dramatically, just like the dielectric function. Overall, 
the substitution of I with Br and Cl pushes the absorption peaks to higher energies with a corresponding decrease in the strength of the 
first peaks [21]. 

An essential parameter in photovoltaics is optical conductivity, which provides estimates of photoconductivity. The computed real 

Table 1 
Ground state structural parameters for Cs3Cu2X5 (X = Cl,Br,and I).  

Materials a (Å) b (Å) c (Å) V (Å) ΔEf (eV) Eg (eV) Remarks 

Cs3Cu2Cl5 9.601 10.793 13.598 1409.07 − 3.396 2.344 [This work] 
9.279 10.542 13.212 1292.39 − 1.565 – Expt [45]. 
9.176 10.505 13.141 1266.71 – 2.450 Expt [30]. 
9.572 10.820 13.400 1387.83 – 2.35 Theo [32]. 
9.29 10.54 13.13 1285.64 – 2.55 Expt [21]. 

Cs3Cu2Br5 9.920 11.191 13.918 1545.26 − 3.129 2.092 [This work] 
9.730 11.100 13.785 1489.03 − 1.384 – Expt [45]. 
9.578 10.967 13.628 1431.5 – 2.253 Expt [31]. 
9.898 11.158 13.977 1543.65 – 2.10 Theo [32]. 
9.65 10.99 13.73 1456.11 – 2.33 Expt [21]. 

Cs3Cu2I5 10.504 11.888 14.779 1845.32 − 2.855 2.292 [This work] 
10.325 11.785 14.541 1769.35 − 1.106 – Expt [45]. 
10.467 11.876 14.703 1827.67 – 2.33 Theo [32]. 
10.22 11.66 14.40 1715.99 – 2.44 Expt [21].  
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part and imaginary part of the studied materials optical conductivity characteristics are shown in Fig. 4(a) and (b), respectively. The 
change in optical conductivity is shown to be almost similar for all the materials. Additionally, the shapes of curves for optical con-
ductivity and absorption spectra are similar. Conductivity spectra show that the inorganic compound Cs3Cu2I5 has a more prominent 
peak than others, making it promising for a particular solar application [47]. In addition, we calculated the material’s reflectivity, loss 
function, and refractive index; the findings are presented in Fig. 3b and c, and Fig. 5(a) and 5(b), correspondingly. Due to their low 
estimated reflectivity, reduced loss function, and strong refractivity, the compounds under consideration have the potential to be used 
in a variety of optoelectronic applications beyond their most well-known employment in solar systems. The high value of reflectivity in 
the UV area suggests that these compounds could be used as possible shielding materials to reduce solar heating by up to 18 eV. 

Fig. 2. The photon energy-dependent dielectric function of lead-free Cs3Cu2X5 (X = Cl,Br, I) perovskite, where (a) real parts and (b) imagi-
nary parts. 

Fig. 3. The photon energy is dependent on (a) absorption, (b) reflectivity, and (c) loss function of lead-free Cs3Cu2X5 (X = Cl,Br, I) perovskite.  

Fig. 4. The photon energy-dependent conductivity for lead-free Cs3Cu2X5 (X = Cl,Br, I) semiconductors, where (a) the real part and (b) the 
imaginary part. 
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3.3. Electronic properties 

The analysis of fundamental electrical and optical characteristics is crucial in understanding or forecasting the utilization of a 
material in a specific optoelectronic device, as its electronic properties have a strong connection to its optical properties [48]. In order 
to obtain the desired optoelectronic properties for particular applications, it is necessary to tune the electronic properties of com-
parable compounds. Herein, the band structure, DOS, and PDOS of the Cu-based inorganic compounds Cs3Cu2X5 (X = Cl,Br, I) have 
been investigated using the GGA-PBE method. Table 1 displays the simulated band gap results for the materials under consideration. 
The calculated electronic band gaps for halide perovskites are consistent with experimental data [21,30–32]. When Cl and I are used in 
place of Br, the band gap value increases. Additionally, among our studied compounds, Cs3Cu2Br5 has the lowest band gap (2.092 eV), 
while Cs3Cu2Cl5 has the highest band gap value (2.344 eV), indicating the materials’ potential for photovoltaic applications. 

Fig. 6(a) and (b) and (c) shows the simulated electronic band structures of Cs3Cu2Cl5, Cs3Cu2Br5, and Cs3Cu2I5 perovskite, 
respectively. The horizontal dashed black line denotes the Fermi level, EF. At the G point in the Brillion zone, both the valence band 
maximum (VBM) and conduction band minimum (CBM) are detected. This suggests that Cs3Cu2X5 (X = Cl,Br, I) materials are direct 
band gap semiconductors and Cs3Cu2Br5 the lowest band gap value of 2.092 eV (Table 1). We also analyze the total density of states 
(TDOS) and partial densities of states (PDOS) to understand how atomic orbitals contribute to the formation of electronic states in the 
VBM and CBM. Fig. 7(a–c) shows the PDOS and TDOS of the studied perovskites. The results demonstrate that Cu in the 4s state (Cu-4s) 
and the s states of the halogens (I-5s, Br-4s, and Cl-3s) are the main contributors to the CBM, while Cu in the 3 d state (Cu-3d) and the p 
states of the halogens (I-5p, Br-4p, and Cl-3p) are the main contributors to the VBM [21,32]. Since halogen atoms simultaneously 
contribute to the VBM and CBM, it is simple to change the band gap of perovskites by substituting them with comparable atoms. 

3.4. Mulliken atomic populations analysis 

The analysis of Mulliken atomic population (MAP) is required for understanding the chemical bonding, bond overlap, and charge 
changes among the various atoms in a compound. The MAP is studied and listed in Table 2, which provides a deep understanding of the 
bonding characteristics of these perovskites [49]. Table 2 displays the positive charge of the Cs atom in the Cs3Cu2Cl5 perovskite, while 
the negative charges of the Cu and Cl atoms indicate that the charge has been transferred from the Cs atom to the Cu and Cl atoms. 
Similarly charge transfer occurs from Cs to Cu and Br/I atoms in Cs3Cu2Br5 and Cs3Cu2I5 perovskites, respectively. The transferred 
charge for Cs3Cu2Cl5, Cs3Cu2Br5, and Cs3Cu2I5 is respectively 0.2e and 0.5e, 0.37e and 0.18e, and 0.54e and 0.16e. 

Fig. 5. The photon energy-dependent refractive index for lead-free Cs3Cu2X5 (X = Cl,Br, I) perovskites, where (a) the real part and (b) the 
imaginary part. 

Fig. 6. Electronic band structures of Cs3Cu2X5 perovskite, where (a) Cs3Cu2Cl5, (b) Cs3Cu2Br5, and (c) Cs3Cu2I5.  
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This finding indicates that some ionic characteristics are present in all perovskites. Conversely, Table 2 illustrates the positive 
population of Cu–Cu and Cu–Cl bonds, indicating the covalent characteristics of these bonds within the compound Cs3Cu2Cl5. Again, 
the population of Cu–Br and Cu–I bonds is negative, revealing the ionic nature of these bonds in Cs3Cu2Br5 and Cs3Cu2I5, respectively. 
Furthermore, the positive population of Cu–Cu bonds reveals the covalent nature of these bonds in the other two compounds. 

3.5. Polycrystalline elastic constants 

Acquiring knowledge of the elastic constants of engineering materials is a fundamental prerequisite for comprehending their 
diverse applications. The interatomic bonding and potential of a material are also determined by these factors [50]. It is possible to 
anticipate how an external force will impact a crystal by using elastic constants, which are closely related to the material’s mechanical 
properties. These constants provide insight into a material’s stability and stiffness. The CASTEP code employs the linear finite 
strain-stress function to determine the elastic constants of Cs3Cu2X5 (X= Cl,Br, I) [41]. Table 3 displays the nine different independent 
elastic constants (Cij) for the orthorhombic Cs3Cu2X5 (X= Cl,Br, I) materials. There are three diagonals (C11, C22, C33), three 
off-diagonals (C12, C13, C23), and three shears (C44, C55, C66) among the nine independent Cij. The mechanical stability of a crystal 
structure is typically described using the Born-Huang criteria [51]. The orthorhombic structure must satisfy the well-known Born 
stability condition [52–54]: 

Cij > 0, [C11 +C22 +C33 + 2(C12 +C13 +C23)]> 0, [C11 +C22 − 2C12]> 0, [C13 +C33 − 2C13]> 0, [C22 +C33 − 2C23]> 0 (2) 

All of the examined orthorhombic phases Cs3Cu2X5 (X= Cl,Br, I) are mechanically stable since the elastic constants we determined 
(Table 3) meet all of the stability criterions. In Fig. 8, a bar chart showing the variation in elastic constant of the examined perovskites, 
it is evident that C22 > C11 > C33. Despite the lack of theoretical results of the elastic constant values of Cs3Cu2X5 (X= Cl,Br, I) phases in 
the literature, we expect our predictions to serve as a road map for further exploration of the Cs3Cu2X5 (X= Cl,Br, I) perovskite. 

The degree to which a material can temporarily deform in response to an applied force is indicative of its elasticity. Elastic stiffness 
tensors can also be used to infer the bonding characteristics of solids. 

The elastic constant C11 determines the stiffness of solids about the uniaxial strain e1 in the [100] direction and also gives the 

Fig. 7. Density of states (both partial and total) of Cs3Cu2X5 perovskite, where (a) Cs3Cu2Cl5, (b) Cs3Cu2Br5, and (c) Cs3Cu2I5.  

Table 2 
Mulliken atomic populations of Cs3Cu2X5 (X= Cl,Br, I) perovskite.  

Compounds Species s p d Total Charge Bond Population Lengths (Å) 

Cs3Cu2Cl5 Cs 1.03 2.99 0.00 4.02 0.96    
Cu 0.36 0.35 4.93 5.60 − 0.20 Cu–Cu 0.20 2.58 
Cl 0.97 2.78 0.00 3.75 − 0.50 Cu–Cl 0.52 2.11 

Cs3Cu2Br5 Cs 1.08 3.14 0.00 4.23 0.55    
Cu 0.32 0.42 4.95 5.69 − 0.37 Cu–Cu 0.25 2.48 
Br 0.86 2.87 0.00 3.59 − 0.18 Cu–Br − 0.12 2.48 

Cs3Cu2I5 Cs 1.08 3.11 0.00 4.19 0.62    
Cu 0.36 0.47 4.95 5.77 − 0.54 Cu–Cu 0.28 2.51 
I 0.87 2.70 0.00 3.58 − 0.16 Cu–I − 0.02 2.65  

Table 3 
Calculated elastic constants Cij (GPa) for Cs3Cu2X5 (X= Cl,Br, I) perovskites.  

Phase C11 C12 C13 C22 C23 C33 C44 C55 C66 

Cs3Cu2Cl5 11.840 5.067 2.682 18.831 8.168 7.179 2.589 3.131 0.607 
Cs3Cu2Br5 17.139 6.662 3.739 19.207 6.710 13.009 3.231 3.985 3.095 
Cs3Cu2I5 11.696 6.496 4.848 15.866 4.7902 11.810 2.482 2.752 2.941  
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elasticity in the length direction. Elastic constants C22 and C33 reflect the uniaxial strains e e2 and e3 in the [010] and [001] directions, 
respectively. From Tables 3 and it is clear that C22 > C11 > C33, indicating stronger bonding along the [010] direction compared to the 
bonding along [100] and [001] directions. This result reveals that the compounds can be compressed along the c-axis of the crystal 
structure more easily than along the a- and b-axes. Moreover, C22 > C11 > C33 reveals the anisotropic nature of the studied compounds. 

3.6. Mechanical properties 

The Voigt-Reuss-Hill formula uses zero-pressure elastic constants to calculate the shear modulus (G) and bulk modulus (B) [55,56]. 
The Voigt-Reuss-Hill (VRH) averaging approaches are usually used to determine the elastic moduli using the formulas (equations (3)– 
(8)) for Cs3Cu2X5 (X= Cl,Br, I) orthorhombic materials [57]. 

BV =
[C11 + C22 + C33 + 2(C12 + C13 + C23)]

9
(3)  

GV =
[C11 + C22 + C33 + 3(C44 + C55 + C66) − (C12 + C13 + C23)]

15
(4)  

B=
BV + BR

2
; G =

GV + GR

2
(5)  

EVRH =
9 BVHRGVHR

3BVHR + GVHR
(6)  

E=
9BG

3B + G
(7)  

ν= 3BH − 2GH

2(3BH + GH)
(8)  

Here, the approximated bulk moduli for Voigt and Reuss are denoted by BV and BR, respectively. GR and GV represent the approximated 
bulk moduli for Reuss and Voigt, respectively. 

Fig. 8. The variation of the studied elastic constants for Cs3Cu2X5 (X = Cl,Br, I) perovskites.  

Fig. 9. Calculated (a) elastic moduli, (b) Pugh’s ratio (B/G), and Poisson’s ratio (ν), showing graphical representation of elastic moduli and ductile/ 
brittle behavior of Cs3Cu2X5 (X = Cl,Br, I). The ductile-brittle transition line is represented by the horizontal dashed lines. 
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The calculated elastic moduli are shown in Fig. 9(a). Bulk modulus measures the average bonding strength between atoms in a solid 
[57]. Table 4 demonstrates that both phases have low bulk moduli (B < 10 GPa), indicating their soft nature and weak atom-to-atom 
bonds. The bonding strength of atoms provides the necessary resistance to volume deformation (bond length) when subjected to an 
external force. The shear modulus (G) indicates how well a material resists changing shape (bond angle) in response to external force. 
There is a strong correlation between the shear modulus (G) and the hardness of the materials. The material becomes more resistant to 
deformation as the shear modulus increases. The Young’s modulus (E) determines a material’s resistance to longitudinal stress. The 
stress-to-strain ratio can also be used to determine Young’s modulus; a higher value of E implies that the material is stiffer. 

In Fig. 10(a), a bar diagram shows the graphical representation of the calculated elastic moduli for all of the studied materials. It 
also shows that the shear modulus (G) is the limiting factor for mechanical stability across all phases, while the bulk modulus (B) is 
larger. The compound Cs3Cu2Br5 displays superior shear resistance and a strong covalent bond in comparison to Cs3Cu2Cl5 and 
Cs3Cu2I5, as indicated by its higher shear modulus. The Pugh’s ratio (B/G) is the ratio of the bulk modulus to the shear modulus and is 
used to determine implicitly whether a material is brittle or ductile [58]. The critical thermal shock coefficient (R) is inversely related 
to Young’s modulus, hence this property affects a solid’s resistance to thermal shock [59]. The resistance of thermal shock of a material 
increases with increasing R values. The selection of a thermal barrier coating (TBC) materials is based on its resistance to thermal 
stress. Notably, the investigated perovskites have relatively lower Young’s moduli, making them potential TBC materials. 

B
G < 1.75→A brittle material; B

G > 1.75→A ductile material. 
Table 4 displays the computed values of B/G for each of the studied semiconductors, demonstrating that they are all ductile 

materials. Additionally, Poisson’s ratio (υ), defined as the transverse to longitudinal ratio [60], has been used to differentiate brittle 
materials from ductile solids by Frantsevich et al. [33]. 

υ < 0.26→A brittle material; υ > 0.26→A ductile material. 
Table 4 displays the calculated values of υ, which show that all of the investigated semiconductors are ductile. Cauchy pressure, 

defined as (C12–C44), can also be used to investigate the ductility and brittleness of solids [61]. Positive values of Cauchy pressure 
represent ductile materials, whereas negative values represent brittle materials. Our computed Cauchy pressure values reveal the 
ductile nature of all of the investigated materials. Therefore, the three indicators mentioned above indicate that the studied perovskites 
are ductile. The ductile/brittle behavior of the investigated perovskite materials is graphically depicted in Fig. 9(b). In addition, we 
conclude that the Cs3Cu2X5 (X= Cl,Br, I) perovskites are a good candidate for solar cells at low hydrostatic pressure and other op-
toelectronic devices at high hydrostatic pressure. 

The value of Poisson’s ratio (υ) can be used to infer the bonding properties of solids [62]. For ionic solids, υ is about 0.25, whereas 
for covalent materials, it is about 0.10 [63]. If the value of υ is between 0.25 and 0.5, we say that the substance has a center force solid. 
Since our estimated Poisson’s ratio is within this range, highlighting the interatomic forces are most central. Cauchy pressure also 
predicted the nature of the atomic bonds in solids. Positive Cauchy pressure values are indicative of metallic bonds, whereas negative 
values indicate directional covalent bonds [64]. Using the estimated values of υ and Cauchy pressure, we can infer that perovskite 
materials exhibit both metallic and ionic bonding. Consequently, it is anticipated that the compounds under investigation will be 
metallic. 

Hardness is a quantitative measure of a material’s resistance to elastic deformation, plastic deformation, or failure due to external 
force. The values of E and υ can be used to hypothetically compute the hardness (H) of polycrystalline materials by utilizing the formula 
given in equation [65]: 

H =
(1 − 2v)E
6(1 + v)

(9) 

The estimated H values in Table 4 predict that all the phases are relatively soft materials, but Cs3Cu2Br5 is less soft than Cs3Cu2Cl5 

and Cs3Cu2I5 perovskites. 
Elastic anisotropy influences a wide variety of physical phenomena, such as the formation of micro-scale cracks in ceramics, the 

emergence of plastic deformation in crystals, enhanced elastic instability, mechanical yield points, phase transitions, internal friction, 
charged defect mobility, etc. The anisotropic factor is used to describe the direction-dependent properties of the system. Anisotropy, 
denoted by the letter A, can be determined using the formula provided in Ref. [66]. 

A = 1→ isotropic material; A ∕= 1→anisotropic material. 
Table 4 displays the computed values of A for Cs3Cu2X5 (X= Cl,Br, I) compounds produced by the ELATE code [67]. According to 

Table 4, all of the investigated orthorhombic materials are anisotropic. 
The elastic anisotropy can also be explained using contour diagrams in three dimensions. The direction dependence of E, G, and υ 

were visualised using the ELATE code [67] and are shown in Fig. 10(a–c). 3D contour plots were used to determine the type of 
anisotropy. Materials are considered isotropic if their 3D plots are perfectly spherical; otherwise, they are anisotropic. All of the 
materials under investigation have 3D figures that aren’t perfectly spherical, which indicates a high degree of anisotropy. The 

Table 4 
The evaluated mechanical properties of Cs3Cu2X5 (X = Cl,Br, I).  

Phase B G E ν A H B/G C12–C44 

Cs3Cu2Cl5 6.610 2.146 5.809 0.354 4.719 0.209 3.080 2.478 
Cs3Cu2Br5 9.040 4.069 10.614 0.304 1.625 0.532 2.221 3.431 
Cs3Cu2I5 7.853 3.113 8.248 0.325 1.652 0.363 4.014 2.366  
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outcomes of this investigation are in complete agreement with those of the anisotropy mentioned above. 

3.7. Thermodynamics properties 

Another crucial factor for solid materials is their thermodynamic features. These are crucial for comprehending how materials act 
under extreme conditions. Here we investigate the Debye temperature, Gr ü neisen parameter, melting temperature, and minimum 
thermal conductivity of Cs3Cu2X5 (X= Cl,Br, I) compounds. In Debye theory, the temperature at which a crystal achieves its strongest 
normal vibration mode is known as the Debye temperature (ΘD). This temperature is reached when the unit cell length is equal to the 
phonon frequency wavelength. Vibrational response is measured by this quantity, and as a consequence it is related to phonons, 
specific heat, melting point, thermal conductivity, and thermal expansion [68]. In this investigation, we calculate the Debye tem-
perature by utilizing the average sound velocity with the help of the following equation [69]: 

ΘD =
h

KB

[
3n
π

(
NAρ
M

)]1
3

υm (10)  

Here, KB stands for the Boltzmann constant, h for the Planck constant, NA for the Avogadro number, for density, M for molecular 
weight, and n for the number of atoms in a unit cell. 

The typical sound velocity in a crystal, denoted by υm, can be computed using the equation below: 

υm =

[
1
3

(
2

υt
3 +

1
υl

3

)]− 1
3

(11) 

Here, Navier’s equation [70] is used to determine the longitudinal sound velocity (υl) and transverse sound velocity (υt) by using 
bulk modulus (B) and share modulus (G): 

Fig. 10. 3D contour plots of (a) Young’s modulus, (b) shear modulus, and (c) Poisson’s ratio of Cs3Cu2X5 (X = Cl,Br, I) semiconductors.  

M.L. Ali et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e18816

10

υt =

(
G
ρ

)1
2

and υl =

(
3B + 4G

3ρ

)1
2

(12) 

We also calculate the melting point of orthorhombic Cs3Cu2X5 (X = Cl,Br, I), we used the elastic constants Cij, in the following 
formula [71]: 

Tm = 354 +
4.5(2C11 + C33)

3
(13) 

In crystalline materials, the Gr ü neisen parameter (γ) illustrates the anharmonic effect, which describes the behavior of the phonon 
frequency and damping as a function of thermal expansion and temperature. Using Poisson’s ratio, the Gr ü neisen parameter can be 
determined via the following equation [72]: 

γ =
3(1 + υ)
2(2 − 3υ) (14) 

We also estimated thermal conductivity, which is a crucial parameter for understanding the conduction of heat of a material. The 
thermal conductivity of a material is increased with a decrease in temperature to a specific limit is termed as the minimum thermal 
conductivity of that solid material. In this study, we also calculated the minimum thermal conductivity according to Clarke’s equation 
[73]: 

Kmin =KBυm

(
M

nρNA

)− 2

/

3

(15) 

Table 5 listed the computed values of ρ, νl, νt, νm, ΘD, Tm, γ, and Kmin for Cs3Cu2Cl5, Cs3Cu2Br5, and Cs3Cu2I5 semiconductors. We are 
unable to compare our calculated values of Debye and melting temperature with other theoretical and experimental values because no 
such theoretical and experimental values are found in the literature. According to the calculated values listed in Table 5, Cs3Cu2Br5 has 
a greater Debye temperature than the other studied compounds. Our predicted melting points for Cs3Cu2Cl5, Cs3Cu2Br5, and Cs3Cu2I5 

semiconductors are 400.289 K, 424.931 K, and 406.803 K, respectively. The estimated minimal thermal conductivity of all the studied 
perovskites are low at ambient conditions. However, Cs3Cu2Br5 has a somewhat larger value than Cs3Cu2Cl5 and Cs3Cu2I5. Fig. 11(a) 
and (b) show the calculated Debye temperatures and melting temperatures for the compounds under study, respectively. As can be 
seen in Table 5, our estimates are in agreement with the rule of thumb, since substances investigated with low Debye temperatures also 
have low thermal conductivities. The phonon thermal conductivity is often lower when the Debye temperature falls, and vice versa. 
Consequently, the poor thermal conductivity indicated by the comparatively low values of ΘD and Kmin for Cs3Cu2X5 (X = Cl,Br, I), 
making them potentially useful as materials for thermal barrier coatings (TBC) [74]. 

4. Conclusions 

In conclusion, the structural, optical, electronic, polycrystalline constants, mechanical, as well as thermodynamic features of three 
orthorhombic perovskites Cs3Cu2X5 (X = Cl,Br, I) have been investigated using the DFT-based first-principles method. The calculated 
lattice parameters are well consistent with the reported calculated and experimental results. The replacement of I by Br and Cl shifts 
the absorption peaks towards higher energies with a corresponding decrease in the strength of the first peaks. The studied semi-
conductors exhibit moderate photoconductivity, but the inorganic compound Cs3Cu2I5 has a strong peak than others in the conduc-
tivity spectra, proving superior for a particular solar application. The investigated Cs3Cu2X5 (X = Cl,Br, I) perovskites are direct band 
gap semiconductors with the lowest band gap value of 2.092 eV for Cs3Cu2Br5. The DOS reveals that Cu in its 4s state and halogens in 
their s states (I-5s, Br-4s, and Cl-3s) are the primary contributors to the CBM, while Cu in its 3 d state and halogens in their p states (I- 
5p, Br-4p, and Cl-3p) are the primary contributors to the VBM. The ionic and covalent properties of the Cs3Cu2X5 (X = Cl,Br, I)
compounds have been confirmed by total charge density and Mulliken atomic population studies. All of the materials under 
consideration are mechanically stable and show anisotropic features. The ductility of all investigated perovskites is confirmed by three 
different indicators (Pugh’s ratio, Poisson’s ratio, and the Cauchy pressure). The predicted hardness values indicate that all phases will 
be soft, although Cs3Cu2Br5 perovskites will be harder than Cs3Cu2Cl5 and Cs3Cu2I5. Our predicted melting points for the semi-
conductors Cs3Cu2Cl5, Cs3Cu2Br5, and Cs3Cu2I5 are 400.289 K, 424.931 K, and 406.803 K, respectively. Consequently, the poor 
thermal conductivity indicated by the comparatively low values of ΘD and Kmin for Cs3Cu2X5 (X = Cl,Br, I), making them potentially 
useful as materials for thermal barrier coatings (TBC). The physiochemical characteristics of other 62-type orthorhombic perovskites 
should be thoroughly investigated, as this would be immensely beneficial for applications in optoelectronics and other related 

Table 5 
The computed density (ρ), transverse sound velocity (ν)t , longitudinal sound velocity (νl), average sound velocity (νm), melting temperature (Tm), and 
Debye temperature (ΘD), Gr ü neisen parameter (γ), and minimum thermal conductivity (Kmin) of Cs3Cu2X5 (X= Cl,Br, I) phases.  

Phases ρ (g/cm3) νl (m/s) νt (m/s) νm (m/s) ΘD (K) Tm (K) γ Kmin (W/mK) 

Cs3Cu2Cl5 3.270 1702.125 810.163 911.310 82.9 400.289 2.165 0.117 
Cs3Cu2Br5 3.937 1916.797 1016.613 1136.156 100 424.931 1.798 0.137 
Cs3Cu2I5 4.143 1702.142 866.819 971.334 80.7 406.803 1.939 0.104  
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industries. Finally, we believe that our current investigation will serve as a strong motivation in future research and industrial 
development. 
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