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A B S T R A C T   

Double halide perovskite constitutes an interesting class of eco-friendly, and stable materials with significant 
potential as efficient energy harvesting materials. Their simple crystalline packing and tunability offers sub
stantial advantage. Herein, the structural, electronic, and thermoelectric attributes of percentage Cu doped 
double perovskite (Cs2NaVCl6) is explored with the quantum espresso code within the framework of density 
functional theory using the generalized gradient approximation (GGA-PBE) with ultra-soft pseudopotential for 
the inherent atoms. Electronic and thermoelectric properties were all achieved via the GGA + U method to 
accurately compute the band gap and similar properties. The results express an inverse relationship between the 
lattice parameters and band gap. The lattice parameters increased with the increase in doping percentage. 
Similarly, the conductivity of the studied perovskite increased considerably with the increase in the percentage 
dopant. The calculated band gap was observed within the range of 1.7 eV–1.2 eV decreasing considerably with 
the increase in percentage doping and therefore suggesting an increase in the conductivity and other thermo
electric properties of the engineered perovskite material. However, the equilibrium lattice constants in accor
dance with the percentage doping reveal that the higher the percentage doping, the higher the equilibrium lattice 
constant. This inferred that 25% endohedral replacements of vanadium atoms by copper atoms give the best 
perovskite material owing to the fact that when the lattice constant increases with a corresponding decrease in 
the value of modulus of elasticity, there is a decrease in the stability of the perovskite material.   

1. Introduction 

Solar-based energy is a good source of economical energy which has 
the capability of giving a spotless stockpile of energy and is advanced as 
one of the primary innovations with the potential to provide a clean 
energy supply and address the current and upcoming energy crises [1,2] 
Perovskite solar cells (PSCs) have come into the spotlight recently [3,4] 
with extremely promising characteristics like little transport effective 
masses, long charge dissemination lengths, high charge transport 
versatility and high power conversion efficiencies (PCE) [5–7] and 
equivalent to the perceived CIGS and Cadmium telluride (CdTe) solar 
based cells [8]. There have been different degrees of transformation 
proficiency rates for novel perovskite materials with the most 

remarkable realized rate being 25.2% [8]. Moreover, perovskite solar 
cells are designed by incorporating mainly ample elements and can be 
set up utilizing a scope of unique wet-synthetic and vacuum-based 
methods, which empowers minimal expense production [5,6]. They 
have the best-ever PCE overhaul rate among all solar-based technologies 
examined up to this point and have been believed to be the “next ulti
mate thing in photovoltaics” [1,7]. This belief is coordinated by their 
high absorption coefficient, legitimate band gap, balanced electron, and 
hole mobility as well as low inborn recombination rates [8]. 

Methyl ammonium lead halide perovskite (MALHP) has evolved as 
one of the most significant model complexes for the perovskite solar cells 
adopting the general perovskite configuration of ABX3 [9]. The dipolar 
MA + cations possess enormous cuboctahedral interstitial space between 
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the organized B cation of Pb2
+ and the six iodides (X) [10]. This model 

complex has been explored in high-proficiency solar-based cells and 
lasing applications as LEDs [11,12] among others. Nevertheless, 
persistent issues relating to device stability and natural uncertainties 
with respect to lead toxicity have made conceivable the probability of 
cationic exchange and blended halogen exchange which permits the 
tuning of PSC electronic structure [13,14], has animated a ton of hy
pothetical and exploratory research outfitted towards the grasping and 
total comprehension of the material architecture and physics within 
these frameworks. Lead replacement with other metals is a huge topic 
intended to meet natural worries and furthermore invigorate a change to 
more complex perovskite crystal structures. There are different pro
ductive instances of perovskite materials that are viewed as another 
class in the perovskite solar cell materials family with low toxicity, 
structural stability, and tenability [15]. Recently, indium-based DPs 
Cs2InAgX6 (X = Cl, Br, I) were explored as suitable materials for opto
electronic and thermoelectric applications. These findings demonstrate 
that these materials had considerable inherent attributes suited for op
tical and thermoelectric applications as non-traditional energy har
vesting devices [16–18]. Also, the efficacy of Cs2InAgCl6 double 
perovskite material has been evaluated and reported by Volonakis et al. 
Both experimental and computational calculations were performed on a 
set of halogens functionalized Cs2InAgCl6 derivatives. The authors 
recorded a remarkable direct band gap of 3.3 eV and observed that 
functionalization with halogen significantly improves the band gaps and 
subsequent suitability as double perovskite solar materials [19]. Moreso, 
ab-initio methods were utilized to envisage the inherent optoelectronic 
properties of organic halide-based double perovskite materials formu
lated by (CH3NH3)2) AgMBr6 (M = Sb, Bi). The computations of Pugh’s 
ratio and Poisson’s ratio of both halide shows their ductility, moreover, 
indirect band gaps of 0.1 eV/0.88 eV were obtained and considerable 
absorption coefficient was attained and therefore suggest the suitability 
for optoelectronic application [20–22]. Shah et al. explored the struc
tural, phononic, electronic, electronic, and magnetic optical as well as 
the thermoelectric properties of vanadium-based Pb-free perovskite 
Cs2NaVX6 (X = Cl, Br, I) materials. The authors pointed out notable 
thermodynamic stability, high absorption coefficient as well as power 
conversion factors up to 4.671 × 1011 W/msk2 which affirms the 
applicability of the studied materials towards the successful fabrication 
of optoelectronic devices [23]. So far, notable progress towards the 
enhancement of optoelectronic properties of various materials as can
didates for perovskite solar applications has been reported, nonetheless, 
the optimum conversion efficiency, as well as conversion factors, are 
quite still low, possibly due to the complex nature of the inherent ma
terials that constitute the device architecture, and hence the reason for 
more exploits and diversity in the approach of tuning various molecular 
properties. Herein, different levels of doping have been adopted to 
enhance the optoelectronic properties of Cs2CuxNa1-xVCl6 toward the 
effective utilization as efficient perovskite materials. The structural, 
electronic, and thermoelectric materials have been considered to this 
end. 

2. Calculation method 

The DFT analysis was carried out via the Quantum Espresso software 
package (QE), where the requisite preliminary parameters, including 
kinetic cut-off energy, crystal systems, lattice constants, and the Bril
louin zone grid, were appropriately considered. The electronic structure 
calculation has been carried out via density functional theory as it 
concerns plane waves and pseudopotentials with the pwscf module of 
the QE package, and the exchange-correlation energy was approximated 
using the Generalized Gradient Approximation (GGA) and PBE func
tional. Normal state scalar-relativistic pseudopotentials for the different 
atomic species were used in all calculations, treating explicitly the 
electronic configuration structures of the atoms involved Cs = [Xe], 6s1, 
Na = [Ne], 3s1, V = [Ar], 3 d3, 4s2, Cl = [Ne], 3s2, 3p5, Cu = [Ar], 3 d10, 

4s1. 
The structural and electronic properties of a unit cell of the consid

ered perovskite, are sourced for in the cubic crystallographic phase 
[24–27]. In a bid to obtain the best geometric configuration for the 
crystal structure and discover its ground state energy, the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) minimization technique to relax the 
atomic potentials was applied. A finer mesh of the K-point size was set at 
12 × 12 x 12, represented by the Monkhorst-Park K-point scheme, and 
was utilized for all calculations. By emphasis, the cut-off energy value is 
projected from the partition of the valence and the core energy config
urations. The cut-off energy value for particle density is 400 eV for the 
studied material. Following existing literature, the convergence criteria 
is fixed at the value 10− 6 eV/atom [28]. Boltzmann transport theory was 
crucial in obtaining a thermoelectric response of the compounds by 
means of the BoltzTraP code [29]. 

3. Results and discussion 

3.1. Structural and electronic properties 

In accordance with the aforementioned information, the crystal 
structures of pure perovskite, and doped perovskite (at different levels) 
in this research were preferred to be the cubic framework, as shown in 
Fig. 1. The studied double perovskite usually denoted by the general 
formula A2BB’X6 belongs to the space group 225 (Fm3m). As such, the 
face centered cubic (FCC) crystal lattice structure Cs2CuxNa1-xVCl6 
represented by the formula where A, B, B′ designate transition and alkali 
metals respectively and X6 designate halide ion occupies 8c, (0.25, 0.25 
and 0.25), 4 b and 4a atom site while the halogen Cl assumes the 24e 
Wyckoff position respectively. 

The equilibrium lattice parameter was calculated via Murnaghan’s 
equation of state [30]. The detailed information with respect to the 
calculated lattice parameter as well as band gap which is found to have 
an inverse relationship with lattice parameter i.e. increase in the 
calculated lattice parameter is inversely proportional to the arithmetic 
digression observed at the band gap are carefully presented in Table 1. 
These observations correlate with the reported findings [31]. In addi
tion, GGA + U value of the Hubbard-U parameter was optimally utilized 
so that the values of various parameters like band gaps to be more ac
curate. The figures of equilibrium lattice constant were reported since 
the energy minima of the studied perovskite are consistently affirming 
the stability of the optimized structures. Nevertheless, the Hubbard–U 
values were calculated using density functional perturbation theory 
(DFPT) embedded in the Quantum Espresso package [32–34] (see 
Table 1). Interestingly, the result obtained from the structural and 
electronic properties of Cs2CuxNa1-xVCl6 divulged that the increase in 
percentage doping (25, 50, 75 and 100%) is directly proportional to the 
decrease in the band gap (1.71, 1.15, 1.14 and 1.12 eV) which suggests 
the efficaciousness of the material to possess a semiconducting potency. 
The band gap of 1.0–1.70eV permits the mobility of electrons without 
creating excess infrared rays and thus suggests the efficacy of the 
perovskite solar cell. 

Table 1 gives the band gaps in the electron volts (eV) in accordance 
with the degree of doping. While Fig. 2 shows the band structure dia
grams for this information. It therefore can be concluded that 100% 
doping or replacements of vanadium atoms by its copper counter parts is 
best suited for this perovskite material. 

The equilibrium lattice constant in accordance with the percentage 
doping is presented in Table 1. From this information, it can be observed 
that the higher the percentage doping on the lattice, by the removal of 
vanadium atoms, the higher the equilibrium lattice constant i.e increase 
in percentage doping is directly proportional to the observed increase in 
equilibrium lattice of the perovskite material. These values have a range 
of 0.23, with a mean value of 10.59 between them. This shows larger 
spacing between the atoms on doping, making the lattice porous and 
softer and the softer material is the more stable and effective it is in solar 
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trapping. On the other hand, according to literature claims when the 
lattice constant increases with a corresponding decrease in the value of 
modulus of elasticity, there is a decrease in the stability of the perovskite 
material [35].Structurally, Continuous doping or replacement of the 
vanadium atoms on the perovskite material by copper atoms leads to 
better functioning and efficiency of the material which is observed to be 
less stable owing to the relationship between reported lattice constant 
and modulus of elasticity. Thus, it can be inferred that 25%of doping or 
replacements of Vanadium atoms by copper atoms give the best perov
skite material [36]. 

3.2. Thermoelectric properties 

The dimensionless figure of merit ZT is used to calculate a material’s 
thermoelectric properties, which determines its energy conversion effi
ciency. An ideal thermoelectric material has high values of electrical 
conductivity and Seebeck coefficient while exhibiting low thermal 
conductivity value at the same time. The presence of dispersive bands 
and direct band gaps in Cs2CuxNa1-xVCl6 allows the thermoelectric 
properties to be calculated. As such, material is expected to have large 
values of figure of merit (ZT). Thereby, better thermoelectric properties. 

Thermoelectric Figure merit (ZT) can be defined by the following 
equation (1). 

ZT =
S2σT

κ
(1)  

where σ is the electrical conductivity, S represents Seebeck coefficient, 
and κ represents thermal conductivity. Usually, electrons and phonons 
contribute towards total thermal conductivity. Although at higher 
temperature contribution from the lattice vibrations towards total 
thermal conductivity becomes less significant in comparison to elec
tronic thermal conductivity [37]. This is due to the presence of a large 
flux of electrons at a higher temperature. Thereby, utilizing only elec
tronic thermal conductivity for the calculation of thermoelectric figure 
of merit is decent approach [37–40]. Herein, we utilized BoltzTraP code 
which is based on Boltzmanntransport theory for the calculation of 
thermoelectric parameters. The BoltzTraP code estimates only the 
electronic part of the total thermal conductivity. Furthermore, elec
tronic thermal and electrical conductivity was calculated per unit 
relaxation time. As seen from equation (1) thermoelectric figure of merit 
has the ratio of both parameters and hence becomes independent of 
relaxation time. 

Plots of the electrical conductivity and the electronic contribution of 
thermal conductivity per unit relaxation time with respect to the tem
perature as well as graphs of Seebeck coefficient (S) and power factor 
(PF) are presented in Fig. 3 (a-d) for a temperature range of 100–800 K 
close to the Fermi level. Electrical conductivities are observed to in
crease with temperature having a maximum value of 0.16 × 1017eV. It is 
also visible from Fig. 3 that electrical conductivities increase with 
respect to the doping percentage [41]. The decreasing pattern follows a 
trend as reported for band gap and lattice parameters. For temperatures 
between 100 and 800 K close to the Fermi level, the double perovskites, 
Cs2CuxNa1-xVCl6, were doped with Cu at 25%, 50%, 75%, and 100% 
respectively. From Fig. 4 it is observed that the increase in temperature 
rises alongside the ZT value which is associated with an increase in 

Fig. 1. Optimized geometry of the double perovskite materials studied.  

Table 1 
Band gaps of Cs2CuxNa1-xVCl6.  

Compound Percentage of 
Cu (x in %) 

DFT 
Functional 

Band 
gap 
(eV) 

Equilibrium 
Lattice constants 
(Å) 

Cs2CuxNa1- 

xVCl6 

25 PBE 1.71 10.48 

Cs2CuxNa1- 

xVCl6 

50 PBE 1.15 10.54 

Cs2CuxNa1- 

xVCl6 

75 PBE 1.14 10.63 

Cs2CuxNa1- 

xVCl6 

100 PBE 1.12 10.71  
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percentage doping for all the studied perovskite materials. From 0 K, the 
graph has a negative gradient until it gets to temperatures range be
tween 440 K and 460 K where a gradual ascension was recorded until 
800 K. Also, the result reveals that 50% and 75% doping are in phase 
after crossing the 500 K mark, but 100% doping was observed to deviate 
out of phase for all systems [42–45]. Overall, the values are in the order 
25% < 50%<75% < 100% doping. The reason for this fall in the 25% 
doping and the second rise in the others is not farfetched. It is based on 
the closed-packed nature of the crystal lattice. As an increasing bond 
length is seen within the lattice on additional doping, the electrons have 
more space to move about, thereby increasing the entropy of the 

material in accordance with the second law of thermodynamics or uni
versal law. It can also be seen that the band gap shows a decreasing 
pattern from 25% to 100%, and this trend has bearing on the figure of 
merit, by way of reducing the excitation energy required by the electrons 
[46]. The values close to or greater than unity is desired for thermo
electric power generation schemes [47–51]. 

4. Conclusion 

This research has been tailored within the confines of a compre
hensive and in-depth Density Functional Theoretical study and analysis 

Fig. 2. The band structure of the compounds at 25%, 50%, 75%, and 100% level of copper doping on the perovskite Cs2CuxNa1-xVCl6.  

Fig. 3. Showing the graphs of different percentage of doping of copper on some electrical properties in tandem with temperature changes; (a) Electrical conductivity 
(b)Electronic thermal conductivity (c)Seebeck coefficients (d) Power factor: as analyzed from the perovskite material. 
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on the structural, electronic, and thermoelectric properties of percent
age doped Cu on Cs2NaVCl6 double perovskite. The obtained band gap 
parameter of 1.71–1.12 eV from the study confers the mobility of elec
trons at the perovskite material without creating excess infrared rays, 
affirming the efficacy of the system for thermoelectric application. In 
concordance with this, the electronic properties of the system suggest 
that continuous doping or replacement of the vanadium atom on the 
perovskite material by copper atom led to better functioning and effi
cacy of the material. Interestingly, the thermoelectric analysis reveals 
that the percentage doping follows a unique trend i.e 25% < 50% <
75% < 100% doping, as such the reason for this decreasing trend is 
based on the closed-packed nature of the crystal lattice. Also, an increase 
in bond length was observed within the lattice on additional percentage 
doping. As such, this observed change would create more space for 
electron mobility within the perovskite material, thereby, increasing the 
disorderliness (entropy) of the material, which in turn affirms correlates 
with the second law of thermodynamics or universal law. Thus, the in
crease in doping percentage increases the thermoelectric performance of 
the materials under study. 
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