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Abstract

Context Herein, we have studied progressively novel metal lead-free halide double perovskite renewable energy materials.
Due to their potential use in electronic devices, researchers have investigated these materials with a lot of interest. From the
electronic structure, we have found that these are the indirect band gap semiconductors within the range between 1.273 and
3.986 eV. Optical parameters such as dielectric constant, electrical conductivity, and absorption coefficient have also been
investigated, which have shown that these materials have potential use in photovoltaics. We have checked stability issues by
thermodynamic parameters and phonon spectra. We have found them thermally stable; however, the phonon spectra show
their dynamical instability and except for Na,AgSbF, and Na,AgSbl, the remaining compounds are weak in mechanical
stability. For another futuristic purpose, thermoelectric parameters such as Seebeck coefficient, power factor, and figure of
merit have also been calculated, which again verifies that these materials may be very useful in thermoelectric devices. Most
of the parameters have been computed for the first time.

Methods We have performed this computational work using WIEN2k simulation code, which is based on the full-potential
linearized augmented plane wave (FP-LAPW) technique. It is one of the most reliable techniques to calculate the photovoltaic
properties of semiconducting perovskites. The interaction between ion-core and valence electrons was dealt with within the
PAW technique as implemented in Vienna Ab initio Simulation Package (VASP).

Keywords Halide double perovskite - Dielectric constant - Refractive index - Seebeck coefficient - Figure of merit

Introduction which are based on the photovoltaic effect, are useful to

convert solar energy into electricity. The great interest of

The growing global need for energy has created an alarming
situation, which can be sorted out with the help of renewable
energy resources. Photovoltaic is the best option in the field
of renewable energies. The Sun is a conventional resource
of sustainable and long-term supply of energy. Solar cells,
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the industry is to develop new solar cell devices with high
efficiency, good intrinsic stability, and lower production
costs. Perovskite is a substance with the chemical formula
ABX;, where X is an anion and A and B are cations [1]. A
rapid increase in the record power conversion efficacies of
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photovoltaics is found from 3.8% in 2009 to more than 25%
nowadays [2]. Various anti- and hybrid perovskite materials
have been investigated for renewable energy applications
[3—6]. We have also calculated the efficiency of the oxide-
based perovskites for photovoltaic applications, and it is
found that the PCE of these perovskites has grown more than
20% [7]. An organic—inorganic lead halide perovskite shows
preferable photovoltaic properties like low effective electron
and hole masses, enormously high optical absorption coef-
ficients, large carriers’ diffusion lengths and lifetimes, and
tunable band gap [8] while having two issues: One is the
Toxicity of Pb*? ions, and the second is instability in air and
heat due to the organic part of MAPbI.

@ @Toxic divalent Pb*? is replaced by monovalent and
trivalent cations, and the perovskite structure looks like
AF'M*'M=HX!. The structure with the general formula
AF' M M=3X " is known as the double perovskite structure
and has been proposed for use to overcome these issues.
Lead-free double perovskites are found to be more stable
under sufficient humidity and temperature and show better
solar efficiencies with non-toxicity [9-11]. These double
perovskites have photovoltaic properties like low charge car-
riers’ effective mass, long charge carriers’ lifetime at room
temperature, and larger stability in air and heat than lead
halide perovskites [12]. Some more advantages of lead-free
double perovskites include minimal defects, great optical
absorption, an appropriate band gap, and extremely high
stability [13-19].

The one drawback of earlier investigated double perovs-
kites is that they mostly have too large band gap for use in
solar cell devices. Hence, there is a high need to design a
double perovskite with a tunable band gap within the solar
spectrum. So, currently, the objective of the scientific com-
munity is not only focused on the stability and enhancing the
power conversion efficiency of solar cells and thermoelectric
devices but also to find easy processes and lower production
cost technologies. The double perovskite with mixed hal-
ides is also a way to develop perovskites with tunable band
gaps [20]. Muscarella et al. [21] have explained the applica-
tions of these types of materials in numerous areas. They
mentioned that other than photovoltaics, these materials can
also be utilized as X-ray detectors, light-emitting diodes,
memory devices, indoor photovoltaics, temperature and
humidity sensors, photocatalysts, etc. A vast study has been
done on cesium-based halide double perovskites [10-24]
which reveals the potential of lead-free inorganic halide
double perovskites in photovoltaic, thermoelectric, and
other indoor and outdoor devices. Al-Qaisi et al. [25] have
investigated Na,CuMCl, (M =Bi, Sb) double perovskite and
found that these are small band gap semiconductor mate-
rials and exhibit high potential for optoelectronic devices
having high absorption, high optical conductivity, and low
reflectivity. They have also studied transport properties
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with chemical potential (1) and found that their figure of
merit (ZT) approaches unity, which shows their potential
in thermoelectric devices also. Asghar et al. [26] have also
explained the potential of Rb,ScAgX, (X=Cl, Br, I) halide-
based double perovskite in optoelectronic and thermoelectric
devices. Dar et al. [27] have done a computational study of
half-metallic halide double perovskites: Cs,KXCl, (X=Co
and Ni). They investigated the structural stability of these
materials as well as the origins of half-metallicity and pre-
dicted them as potential candidates in spintronic devices.
Nawaz et al. [28] have reported DFT calculation results for
investigating the structural stability of Rb,YInX¢ (X=Cl,
Br, I) double perovskites including their optoelectronic and
transport parameters. They concluded that they are semi-
conductors with direct and significant band gaps and may
be taken into account for optoelectronic and thermoelectric
devices. Cs,NaBil, lead-free double perovskite material has
been recommended by Zheng et al. [29] for its good memory
behavior even after 90 days of air exposure or with a rise in
temperature up to 403 K. From the above-cited literature,
we note that because of their exceptional performance, non-
toxicity, and environmental sustainability, halide double
perovskite materials are subsequently being recommended
as high-performing semiconductors, primarily for solar and
thermoelectric devices [30]. In this context, we have looked
at the structural, electrical, optical, and thermoelectric char-
acteristics of novel lead-free inorganic halide-based double
perovskites Na,AgSbX, (X =F, Cl, Br, and I). These are
made up of non-toxic and easily available elements in nature.

Methodology

We have performed this computational work using the
WIEN2k simulation code [31], which is based on the full-
potential linearized augmented plane wave (FP-LAPW) tech-
nique. It is one of the most reliable techniques to calculate the
photovoltaic properties of semiconducting perovskites. The
unit cell was divided using this technique into non-overlapping
atomic spheres that are situated around the atomic sites and an
interstitial site. The potential was taken to be constant outside
the atomic spheres but spherically symmetric inside them for
the purpose of building basis functions (muffin-tin approxi-
mation, MTA). Atomic-like wave functions were used for the
atomic sphere region, and plane waves were employed at the
interstitial site. This method was used within density functional
theory (DFT). DFT has the highest degree of accuracy, and
the ability to handle periodic as well as non-periodic systems
with many electrons, hence, becomes a popular method for
calculation. DFT works on the basic principle which is used to
describe an interacting system of fermions by using its density
of electrons instead of the many-body wave function. The main
issue with DFT is that it only recognizes the free electron gas
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as the precise functional for exchange and correlation. How-
ever, approximations survive which allows the computation
of definite physical quantities fairly exactly. Hence, there is
a necessity to use approximations. In this study, we used the
generalized gradient approximation configured by Perdew-
Burke-Ernzerhof (PBE-GGA) [32]. The atomic positions and
lattice constant have been fully optimized until the energy and
charge converged to 10~ Ry and 1072 e correspondingly. The
cutoff energy, or the energy separating the core and valance
states, was set to— 10 Ry. The shortest muffin tin radius, Ry,
and the plane wave cutoff vector, K., together yield a conver-
gent solution with Ry;rK.... =7. The charge density’s Fourier
expansion’s greatest vector, G,,,,, is described by its magni-
tude and was assumed to be 12. A mesh of 1000 k-points in
the Brillouin zone was used for structural optimization of the
compounds. A denser mesh with 10,000 k-points was used to
calculate the compounds’ electrical, optical, and thermoelec-
tric properties. Using the BoltzTraP algorithm, all thermoelec-
tric parameters were computed in terms of chemical potential
[33]. In solid-state research and materials developments, the
determination of thermodynamical parameters is crucial to
better comprehend the fundamental properties of composites
under high temperature and pressure conditions. This investi-
gation used the quasi-harmonic Gibbs2 code [34] to calculate
the material’s thermal stability. The mechanical stability of
the titled materials has been checked by computing the elastic
properties using the IRElast package incorporated in WIEN2k.
Plane wave—based DFT calculations combined with phonons
lattice dynamics were carried out to examine the dynamical
stability of the Na,AgSbXy (X=F, Cl, Br, I) perovskite sys-
tem. The interaction between ion-core and valence electrons
was dealt with within the PAW [35, 36] technique as imple-
mented in Vienna Ab initio Simulation Package (VASP) [37].
The valence electron configurations of the elements present in
the subject line composition are Na (3sh, Ag (4d', 551, Sb
(55%,5p%), F (25%,2p°), C1 (3s2,3p°), Br (4s%4p°), and I (55°,5p°).
A Monkhorst—Pack technique with an 8 X 8 X8 k-point mesh
and a plane wave basis set’s kinetic energy cutoff of 520 eV
was employed for the Brillouin zone sampling. During the
geometric optimization, the forces were minimized up to
1072 eV/A. The dynamical properties were calculated within
harmonic approximations using the PHONOPY program [38].
To compute the phonons, we have considered 2x2 %2 cell (80
atoms) of the subject line composition on top of their primitive
cell using the finite displacement method [39].

Results and discussions

Structural properties

Na,AgSbX, (X=F, Cl, Br, and_ I) halide double perovskite
materials crystallize in the Fm3m (#225) space group. The

structure of their conventional cell with Wigner—Seitz cell
and primitive cell is represented in Fig. 1. We reduce the
energy of these compounds as a function of volume in order
to get the ideal ground state, and further, these changes in
energy versus volume are fitted to the Birch-Murnaghan
equation of state [40]. The energy versus volume curve
of the studied materials is presented in Fig. 2. From this
energy-volume fitting curve, we have determined various
structural parameters such as the lattice constant (a in 10%),
bulk modulus at zero pressure (B, in GPa), its first pres-
sure derivative (B'), and the total ground state energy (E,
in Ry) and presented in Table 1. From this, it is understood
that the lattice constant of these materials increases with the
increasing size of the halogen atom. The computed lattice
parameters are in best agreement with that of some other
materials listed in Table 1. A further structural factor that
describes a compound’s resilience under pressure is its bulk
modulus. We see that it follows just the opposite behav-
ior of the lattice constant, which describes that the heavier
material is more compressible. The pressure derivative of
bulk modulus for all these materials has been observed as
positive. It demonstrates that these compounds can stiffen
under increased pressure. The — ve values of total ground
state energy of these materials exhibit that all of these mate-
rials are stable and the stability of these materials increases
for heavier materials. The variation of the lattice parameters
with the size of the X-atom confirms our study’s accuracy
and reliability.

Electronic properties

To perform the SCF simulations, the optimized structural
factors were considered with PBE-GGA exchange—correla-
tion potential functional. As we know that the PBE-GGA
underestimates the band gap, so to enhance its value near

(®)

Fig. 1 a Conventional cell with Wigner—Seitz cell and b primitive
cell of Na,AgSbX, (X=F, Cl, Br, and I), where blue atom represents
Na-atom, green atom represents Ag-atom, purple atom represents Sb-
atom, and red atom represents X-atom
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Fig.2 Volume optimization curve of Na,AgSbX, (X=F, Cl, Br, and I)

to its experimental value, we can use Becke-Johnson Poten-
tial modified by Koller, Tran, and Blaha (KTB-mBJ) as
implemented by Soni et al. [41] to investigate halide double
perovskite materials. The band structure curves for these
materials’ first Brillouin zone, plotted between wave vec-
tor “k” and their energy function, are shown in Fig. 3a—d.
These band structure plots exhibit that the studied materials
have an indirect band gap (X-L). Table 1 includes infor-
mation about these compounds’ band gap. The band gap
trend in this table can be interpreted as follows: The band
gap of these compounds declines as the atomic number of
the X-atom increases, supporting the theoretical idea of the
trend of variations in the energy band gap. A comparison of
band gap of the titled materials with some other relatable
materials using PBE and PBE + KTB-mBJ has been shown
in Table 1, which further confirms the reliability of the com-
puted results for the studied materials.

We have calculated the total and partial densities of states
(DoS) of these compounds, and their plots have been show-
cased in Fig. 4, which will enable us to better comprehend

how the interaction between the atoms’ various orbitals
works. For each compound, in the lower valence band sec-
tion (< —2 eV), the major peaks are produced by the p-orbital
of Sb and X-atom (X =F, Cl, Br, and I) with a tiny con-
tribution from the d-orbital of Ag-atom. Peaks arise in the
upper valence band section (between —2 and 0 eV) due to the
substantial contribution of the d-orbital of Ag-atom and the
modest contribution of the p-orbital of X-atom and s-orbital
of Sb, while sodium atom’s contribution is negligible. In the
conduction band, the resultant peak of total DoS appears due
to the p-orbital of Sb and X-atom, whereas other atoms show
negligible contribution. Thus, the study of DoS reveals the
contribution of various atoms near the Fermi level.

Optical properties

Optical parameters including dielectric constant e(w), opti-
cal conductivity o(®), and refractive index n(w) have been
calculated using optimized structural and electronic parame-
ters in WIEN2k code for the incident electromagnetic energy
range (0-13 eV), as shown in Figs. 5 and 6. These optical
properties highlight a material’s significance in optoelec-
tronic applications by describing how it responds to electro-
magnetic (EM) radiation. The dielectric function defines a
material’s linear response to incident electromagnetic radia-
tion by explaining how photons interact with a material’s
electrons. It is a complex quantity and can be defined by
Ehrenreich and Cohen’s equation [42] as mentioned below:

() = €,(w) + igy(w) (1)

Electronic polarization and anomalous dispersion are
associated with its real part €, (w), while optical absorption
can be defined by its imaginary component &,(w).

The Kramers—Kronig transformation equation [43] can be
used to compute the real component of the dielectric tensor
€,(w) by using its imaginary component &, (w). Other residual
optical properties such as optical conductivity o(w), extinc-
tion coefficient k(w), reflectivity R(w), absorption coefficient
a(w), refractive index n(w), and energy loss function E, . (®)
can be calculated with the help of €, (w) and &,(w) [44].

Table 1 Structural, electronic, and optical parameters of Na,AgSbX¢ (X=F, Cl, Br, and I)

Compound «a (A) B, (GPa) B\ E, (Ry) Bandgap (eV) Dielectric Refractive index Reflectivity

constant  n(0) R(0)

PBE PBE + KTB-mBJ

£,(0)
Na,AgSbF, 9.056 52.693 4776 —25,450.646 1.322 3.986 3.713 1.974 0.549
Na,AgSbCl; 10.648,10.83* 29.856  4.855 —29,790.378 1.273,1.239* 2.833,2.212% 5.327 2.346 0.479
Na,AgSbBr, 11.192,11.38" 25.066 4.642 —55,531.93 0.784,0.762* 2.108, 1.571* 6.745 2.637 0.592
Na,AgSbl; 11.988,12.16* 19.841  5.221 -109,680.708 0.330,0.312* 1.273, 0.876% 9.005 3.040 0.641

aReference [41] for Cs,AgSbX, (X=Cl, Br, I)

@ Springer



Journal of Molecular Modeling (2023) 29:195

Page50f16 195

Fig.3 Band structure of or
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The calculation of these characteristics demonstrates that
these materials are homogenous and isotropic, i.e., values
of their various optical parameters change with frequency
but remain constant with respect to the direction of incident
EM radiation’s electric field vector. Figure 5(a) and (b) rep-
resent the real and imaginary component of the dielectric
tensor spectra £(@) correspondingly for the varying energies
of incident radiation. The dielectric constant of a substance
is expressed by the static value of its real component €,(0),
which can be characterised by a small perimeter of energy.
The value of ¢,(0) for Na,AgSbX, (X=F, Cl, Br, and I) is
calculated as 3.713, 5.327, 6.745, and 9.005, respectively.
A material’s stronger reactivity to the incident energy is

caused by the larger value of £, (0). For the titled materials,
the fluctuation in €, (w) with respect to the incident energy is
depicted in Fig. 5(a). This figure clearly shows that for these
materials, the value of ¢, (w) rises quickly with the incident
energy, reaches its highest value, then decreases with some
peaks and valleys, and turns negative above 7 eV. Finally,
a modest increase approaching zero is recorded. While
the peak of £,(w) is noticed in the near-infrared area for
Na,AgSbly, it is observed in the visible range for all other
materials, meaning that these compounds respond most
strongly in the relevant regions. According to Fig. 5(b), the
threshold energy of €,(w) for these materials falls between
1.286 and 4.120 eV. The threshold energy value illustrates a

@ Springer
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compound’s optical band gap and is found to be extremely
near to the calculated electronic energy band gap. This dem-
onstrates the strong correctness of our observations.

Figure 5(c) demonstrates the variation in absorption coef-
ficient a(w) of these materials with the incident energy. Any
material’s absorption coefficient a(w) provides information
regarding the amount of incident electromagnetic energy
that a material’s unit thickness has absorbed. For a higher
absorption coefficient, a material responds more favorably
in the transit of electrons from its valence band to its con-
duction band. The optical conductivity of a substance can
be used to explain how well electrons conduct there when
exposed to EM radiation. The spectrum of the examined
compounds’ optical conductivity with varied EM radiation
energy is shown in Fig. 5(d). With increasing frequency of
incident radiation, optical conductivity begins to rise for
each of these compounds and reaches a noticeably greater
value in the visible range of EM radiation. After the visible
region, it decreases in the near UV range and further starts
to increase and reaches its peak value in the UV region.
Figure 5(c) and (d) show that for these compounds, maxima
and minima of optical conductivity and absorption coeffi-
cient occur in the same region of incident EM radiation; the
maximum is observed in the visible region and UV region.
It supports the theoretical viewpoint and demonstrates the
precision of the suggested results.

An optical parameter relating to the passage of light
through the material is the refractive index, denoted by
n(w). It characterizes a material’s ability to absorb radiation

that comes its way. Na,AgSbXy (X=F, Cl, Br, and I) com-
pounds’ static refractive index values, i.e., n(0), are deter-
mined to be 1.974,2.346, 2.637, and 3.040, respectively. The
value of n(0) rises with the X-atom’s size. We can see from
Figs. 5(a) and 6(a) that n(w) changes similarly to €, (w) with
rising incidence energy, but unlike £, (w), it never goes nega-
tive. This means that the compound is treated as transparent
for the high frequency of incident radiation. The damping
of oscillations in the electric vector of incident radiation is
proportional to a specimen’s extinction coefficient k(). Fig-
ures 5(a) and 6(b) indicate that k(w) has certain peaks that
are extremely close to the frequencies where ¢, (w) exhibits
valleys or zeros.

The optical reflectivity R(w) of these substances is
depicted in Fig. 6(c). This graph shows that for Na,AgSbX
(X =F, Cl, Br, and I), the reflectance at zero-frequency R(0)
is 54.9%, 47.9%, 59.2%, and 64.1%, respectively. For all sub-
stances, the R(w) value initially rises steadily in the infrared
and near-infrared regions, peaks in the visible range, and
then falls to its lowest value in the near-UV region for all
substances. Furthermore, it evolves in the UV zone more
quickly than elsewhere. For all of these compounds, the UV
area has seen the highest value of reflectance. These mate-
rials are therefore suitable for photovoltaics in the visible
spectrum and can be employed as promising shields for high-
energy UV radiation. Figure 6(d) illustrates the material’s
energy loss function E, (). It describes the energy dissipa-
tion that occurs when an electron travels within a substance.
Plasma resonance, or the simultaneous oscillation of valence
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band electrons, is characterised by peaks in E . (®)’s spec-
tra, and the frequency of incident energy at which plasma
resonance occurs is referred to as the plasma frequency (wp).
According to Fig. 6(d), for these compounds distinct peaks
may be detected in the high-energy UV region between 10
and 13 eV. Table 1 lists the static values of various optical
properties for these materials, including dielectric constant
£,(0), refractive index n(0), and reflectivity R(0).

Thermoelectric properties

Thermoelectric parameters including Seebeck coefficient
(S), electrical conductivity (o), and electronic thermal con-
ductivity (x,) have been computed for varying chemical
potentials by using the output of structural and electronic
parameters as input parameters in the BoltzTraP code [33],
and variation in these parameters has been represented
graphically in Fig. 7. This code is based on the constant
relaxation time approach (CRTA); hence, the ¢ and k, are

calculated in terms of relaxation time, while the Seebeck
coefficient (S) is calculated autonomously of any adapt-
able constraint in this constant relaxation time approach
(CRTA). As a result, despite measuring the exact value of
the power factor (S%6), it is measured in terms of relaxation
time (S?6/7) had been calculated. The figure of merit of a
thermoelectric compound is defined by ZT (= S?6T/x) and
used to determine their efficiency, where k (=k,+ k;) is the
total of electron and phonon contributions in thermal con-
ductivity, and T is the absolute temperature; the rest of the
symbols have the same meaning as mentioned earlier.

The Seebeck coefficient is a crucial component that
reflects the nature of a specimen’s dominant charge carri-
ers and is linked with its band structure. Its affirmative and
negative values indicate p- and n-type doping in the com-
pound, respectively. The Seebeck coefficient of the studied
materials has been determined for diverse chemical potential
(u— Ey) at three varied temperatures (300, 600, and 900 K)
and displayed in Fig. 7(a—d). From these figures, we have
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Fig.7 (a—d) Seebeck coefficient (S), (e=h) electrical conductivity (o/7), (i-1) power factor (S%c/7), (m—p) electronic part of thermal conductivity
(k./7), and (g-t) figure of merit (ZT) for Na,AgSbX (X=F, CI, Br, and I)
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observed that the Seebeck coefficient consists of two peaks,
one for each p- and n-region. We also observed that for all
of these compounds, in the proximity of the mid of the band
gap, the Seebeck coefficient is higher in the p-region com-
pared to the n-region and significantly reduces as tempera-
ture increases, indicating that at high temperatures; it will
behave like a decay factor for the thermoelectric efficiency. It
also decreases with the increasing size of the X-atom, which
may be understood by the trend of their energy band gap.
Because these minima and maxima are located within a very
narrow range of the chemical potential, they can be obtained
with very low doping concentrations. Aside from this range,
the Seebeck coefficient quickly decreases for higher doping
concentrations. At 300 and 900 K, the calculated maximum
values of S in p- and n-regions of these compounds have
been listed in Table 2.

In Fig. 7(e-h), we have presented the variation in elec-
trical conductivity (¢/7) for chemical potential (u— E;) at
three diverse temperatures (300, 600, and 900 K). Unlike
the Seebeck coefficient, 6 /7 behaves similarly at all tem-
peratures. The increasing chemical potential improves the
charge carrier mobility and hence the electrical conductiv-
ity, which is verified by these figures. For Na,AgSbF, and
Na,AgSbly, for the considered range of chemical potential,
the electrical conductivity is higher for the p-type configu-
ration, whereas for Na,AgSbCl, and Na,AgSbBry, it shows
the opposite behavior. At 300 and 900 K, the values of /7
for the overall range of chemical potential are presented in
Table 2.

With the support of the abovementioned thermoelectric
parameters, we have assessed the power factor (P.F.) in units
of the relaxation time (S%c /7). Figure 7(i-1) illustrate the
deviation in P.F. concerning chemical potential (u— E;). The
minimum value of the power factor can be attained when
(u—E}) lies close to the mid of the energy band gap as the
Seebeck coefficient obtains negligible value in the mid of

Table 2 Thermoelectric parameters: Seebeck coefficient (S); electri-
cal conductivity per unit relaxation time (¢/7); electronic thermal
conductivity per unit relaxation time (k./7); power factor per unit

the band gap, and o /7 (electrical conductivity) is trivial due
to very low carrier concentration. Furthermore, as (u— Ey)
rises, both S and ¢ /7 rise with it. A further increase in chem-
ical potential results in a rapid decrease in S; however, 6 /7
keeps rising. As a result, two distinct peaks are formed in
these compounds, for the p- and n-region separately. From
these figures, we observe that the P.F. of all the investigated
materials increases with increasing temperature and at any
particular temperature P.F. is higher in the p-region com-
pared to the n-region. Table 2 shows the power factor values
for the p- and n-regions at 300 and 900 K. The theoreti-
cal study specifies a narrow range of carrier concentrations
for which the power factor is supreme. The optimal carrier
concentration to achieve the highest power factor has been
demonstrated at 300 and 900 K. The proposed optimal car-
rier concentration offers a small window for experimental
experts to fabricate high-thermoelectric-efficiency materials.

The electronic thermal conductivity (x,/7) has been
determined at three different temperatures (300, 600, and
900 K) for the chemical potential (u— E}), and these results
have been presented in Fig. 7(m—p). To attain supreme ther-
moelectric efficiency, k,/7 needs to be the lowest. From
these figures, it has been observed that in both the p- and
n-regions, k, rises with rising temperatures. Thus, the lowest
value of k, /7 can be obtained at 300 K. From these figures,
we see that k,/7 is the lowest in the region in which the
Seebeck coefficient is maximum; hence, in this region, the
explored materials will have maximum efficiency. With var-
ying chemical potentials, k,/7 follows the same pattern as
o /7, that is, it rises with growing values of chemical poten-
tial but with a smaller factor than ¢ /7. In contrast to ¢ /7,
for a specific value of chemical potential, k, /7 has different
values at different temperatures. Figure 7(m—p) demonstrate
that like o /7, for a wide temperature range and considered
range of chemical potential, for Na,AgSbF, and Na,AgSbl,
the electronic thermal conductivity is higher for the p-type

relaxation time (S%¢/7); optimal carrier concentration per unit cell
for maximum PF. (N); and figure of merit (ZT = $?6T/k,y) of
Na,AgSbX¢ (X=F, Cl, Br, and I)

Compounds S (mV/K) olt (10%%Qms)  «/z (108 W/K  P.F. (10" W/ N (carriers/u.c.) zr
ms) K? ms)

300K 900K 300K 900K 300K 900K 300K 900K 300K 900K 300K 900K
Na,AgSbF,  p-type 2911 2.132 0411 0333 0280 0380 1715 3.183 0.085 0.144 0.998  0.997
n-type —3.031 —2109 0371 0224 0205 0263 1785 2348 —0.179 —0.429 0999  0.998
Na,AgSbCl,  p-type 2.795 1.537 0.853 0813 0611 1562 138 4619 0.075 0.114 0.998  0.992
n-type —2.833 —1.535 1056 0882 0706 1570 1361 4401 —0.058 —0.142 0998 0.992
Na,AgSbBr, p-type 2.802 1.152 0.854 0.821 0617 1555 1429 4566 0.066 0.112 0.998  0.984
n-type —2768 —1.146 1343 1.184 0932 2088 1.101 4523 —0.034 —0.121 0998 0.983
Na,AgSbl,  p-type 2.097 0.710 1204 1.072 0.834 2139 1521 4252  0.061 0.111 0.994  0.959
n-type —2.058 —0.693 1612 1461 1.129 2406 0.883 4.060 —0.022 —0.098 0994 0.946
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configuration, whereas for Na,AgSbCly and Na,AgSbBry, it
is higher for the n-type configuration. At 300 and 900 K, the
highest value of x, /7 for all the investigated compounds in
both regions has been listed in Table 2.

The efficiency of thermoelectric substances can be deter-
mined using the figure of merit (ZT = $26T/x). Based on the
above-discussed transport parameters, ZT of Na,AgSbXg
(X=F, Cl, Br, and I) compounds at three temperatures of
300, 600, and 900 K has been determined. A lower value
of thermal conductivity and a greater value of power fac-
tor is required to gain a higher figure of merit. Though no
theoretical limit is set to gain the maximum value of the
figure of merit, hence based on the combination of these
three transport parameters (S, o, and k), reaching higher
values of ZT remain a challenge. As a result, to raise the
figure of merit (ZT), there must be an agreement among such
varying factors. Figure 7(q—t) demonstrate the deviation in
ZT as a function of chemical potential. At 300 and 900 K,
the supreme value of ZT for p- and n-regions are given in
Table 2. From these figures and Table 2, it is evident that
in these compounds show ZT ~ 1 at 300 K and a small
decrease in ZT is observed with increasing temperature.
Besides this, at 300 K, the ZT of these materials (except
Na,AgSbl) is similar in both p- and n-regions, while for
Na,AgSbFg, it is a bit higher in the n-region compared to the
p-region. It validates that these materials are best not only
at lower temperatures but at high temperatures also. We see
that among all the explored compounds, Na,AgSbl, shows
the least performance. Soni et al. [41] have computed the ZT
of a similar family of the halide double perovskite materials
Cs,ZSbX, (Z=Ag, Cy; X=Cl, Br, I), which was found to be
nearly 0.85 for n- and p-regions. It confirms that the inves-
tigated ZT of the titled materials is far better in comparison
of ZT of Cs,ZSbX, (Z=Ag, Cy; X=Cl, Br, I) materials.

Thermodynamic properties

The quasi harmonic Debye approximation model, as imple-
mented in the Gibbs2 package, has been used to estimate
the thermodynamic characteristics of the examined material
Ra,LaNbOg concerning variations in temperature (7) and
pressure (P) [34, 45]. Plots of the thermodynamic param-
eters (Fig. 8) for the temperature range of 0—1000 K and
the pressure range of 0—10 GPa are presented in this study.
Figure 8(a—d) illustrate how the bulk modulus (B) changes
when temperature and pressure change within the previ-
ously specified regulated range. According to Fig. 8(a—d),
the examined compound’s bulk modulus (B) is observed to
decline monotonically with increasing temperature, but it
rises as the pressure builds and reaches its highest point. at
0 K for a fixed pressure. Any material’s bulk modulus (B)
can be used to define its hardness under pressure. Therefore,
the decline in B indicates that material hardness reduces as

@ Springer

temperature rises. Figure 8(e—h) show the variation of Debye
temperature (6,) of Ra,LaNbO, with varying temperatures
and pressures, respectively. 6, is strongly related to the
compound’s distinct physical characteristics (such as elas-
tic constant, thermal expansion). Figure 8(e-h) show that 6,
appears to decrease as temperature rises. It is discovered that
0p has a greater value for the low temperature at a constant
pressure. At constant temperature, @, is appeared to rise
with increasing pressure. Entropy (S) is an important param-
eter and as illustrated in Fig. 8(i-1), it is zero at zero kelvin
and increases as temperature rises. It is also observed that S
decreases with increasing pressure. Entropy is a measure of
how disorderly a system is, and since S increases with tem-
perature, the compound becomes more random [46]. This
might be because the system produces more thermal energy
in proportion to temperature, which causes the system to
vibrate more. The increase in the entropy value results from
these vibrational (anharmonic) motions. The fluctuation in
specific heat (C,, and C,) concerning temperature and pres-
sure is shown in Fig. 8(m—p) and (q-t), respectively. It is
discovered that C;, and C, rise as the temperature rises. It
can be interpreted that at low temperatures (below ~300 K),
C, and C, obey the T? law and are consistent with the well-
known Dulong—Petit law [47], while at high temperatures,
C, grows with temperature, and due to suppression of an
anharmonic consequence C, becomes constant. The value at
which C, becomes constant is referred to as the Dulong-Petit
limit. It is clear from Fig. 8(q-t) that the Dulong-Petit limit
of Na,AgSbX, (X=F, Cl, Br, and I) compounds upsurges
for the growing size of X-atom.

Mechanical and phonon stability

To understand the mechanical performance of the inves-
tigated materials, we have calculated their elastic param-
eters using the IRElast package in WIEN2k. Na,AgSbX
(X=F, Cl, Br, and I) displays its cubic crystal structure;
therefore, their mechanical characteristics may be calcu-
lated using only the C,;, C;,, and C,, elastic constants [48].
These elastic constants can be used to calculate additional
elastic parameters, including the bulk modulus (B), shear
modulus (G), Young’s modulus (Y), Poisson’s ratio (1),
Zener anisotropy factor (Ay), etc. [48]. Our findings for the
investigated halide double perovskites’ elastic characteristics
are displayed in Table 3. For Na,AgSbF, and Na,AgSbl,
elastic constants C;;, C,,, and C,, obey the Born-Huang
stability criteria [49], which include “C,; - C,,>0, C;; >0,
Cy>0, and C;; +2C,,> 0", whereas for Na,AgSbCl, and
Na,AgSbBry, C;; — C;, <0, which shows the less mechanical
stability of these two materials. The strength of a material
under pressure is indicated by the high values of its bulk
modulus. For the investigated compounds, bulk modulus in
Table 3 is in best agreement with that in Table 1, which
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Fig.8 (a—d) Bulk modulus (B), (e~h) Debye temperature (dp), (i-1) entropy (S), (m—p) specific heat at constant pressure (G, and (q-t) specific

heat at constant volume (C,) for Na,AgSbX, (X=F, Cl, Br, and I)

shows the accuracy of our calculations. Shape deformation
brought about by a material is defined by its shear modu-
lus (G). The titled materials have a substantially less plastic
twist, as indicated by their relatively smaller shear modulus.
Young’s modulus is a measure of a material’s stiffness, and
materials with high values show better resistance to defor-
mation. Therefore, it is anticipated that the studied com-
pounds’ calculated Young’s modulus will demonstrate its
rigidity.

In order to determine if the titled compounds are duc-
tile or brittle, Pugh’s ratio (B/G) was determined. Materi-
als are regarded as ductile if their B/G ratio is more than
1.75; otherwise, they are brittle [50]. Na,AgSbX, (X=F,
Cl, Br, and I) have a B/G ratio of > 1.75, which highlights
their ductile nature. The relation C,=C, — Cy4 [51], which
defines Cauchy pressure, reveals the kind of bonds. A
negative Cauchy pressure indicates that covalent bonds
predominate, whereas a positive value indicates that ionic

Table 3 Computed elastic parameters of Na,AgSbX, (X=F, ClI, Br,
and I) under ambient conditions

Elastic Na,AgSbF; Na,AgSbCl; Na,AgSbBr, Na,AgSbl

parameters

(PBE-GGA)

Cy (GPa)  125.16 6.62 3.32 41.42

Cy, (GPa) 15.29 39.43 41.66 8.98

Cyy (GP2) 2.814 5.37 3.95 3.86

B (GPa) 51.91 28.49,32.9" 28.88, 19.80, 23.01*

28.11%

G (GPa) 14.09 4.06, 14.16* 1.17,13.1*  7.17,10.52*

Y (GPa) 38.78 11.65, 3.46,34.02* 19.21,27.35°
37.16*

BIG 3.68 7.00,2.32%  24.68,2.14* 2.75,2.19*

C, (GPa) 12.47 34.05 37.71 5.12

n 0.376 0.432 0.480 0.338

Ay 0.051 -0.328 —-0.206 0.238

“Reference [41] for Cs,AgSbX, (X=Cl, Br, I)
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Table4 The calculated values for Na,AgSbX, (X=F, Cl, Br, and I)
halide double perovskite material’s density (in kg/m®), Debye temper-
ature (in K), v, v, and v, (in m/s)

Parameters Na,AgSbFy Na,AgSbCl, Na,AgSbBry Na,AgSblg
p 871.098 671.684 894.337 99.957

v 9009.788 7106.606 5834.795 17,142.077
v 4023.071 2461.041 1143.962 8474.883
Vi 4538.894 2797.954 1307.869 9513.453
on 321.439 168.522 74.945 508.952

bonds predominate in the same substance. Positive Cauchy
pressure of the investigated materials justifies greater domi-
nance of ionic bonds. Similar to Pugh’s ratio, Poisson’s ratio
() can divide crystalline materials into brittle and ductile
groups. This classification has a separation line of #=0.26.
Below this line, brittle materials are located, and above it,
ductile materials are located [52]. The calculated value of n
for Na,AgSbX¢ (X=F, Cl, Br, I) crystals is more than 0.26,
as given in Table 2. Therefore, Poisson’s ratio and Pugh’s
ratio both anticipated the same outcomes (ductile material)
for the investigated halide perovskite materials. Poisson’s
ratio also evaluates the resistance of crystals to shearing. Its
lower Poisson’s ratio value indicates its resilience against
shearing. When subjected to a central or non-central force, a
solid material exhibits stability. The type of force that main-
tains the stability of a solid material can also be predicted
from Poisson’s ratio. A solid that exhibits a Poisson’s ratio
between 0.25 and 0.50 is referred to as a central force solid
and is thought to be stabilized by the central force. The term
“non-central force solid” refers to a solid that is stabilized
by non-central force and has a Poisson’s ratio outside of this
range [53]. The Poisson’s ratio for Na,AgSbX, (X=F, Cl,

Br, I) materials lies in the range from 0.376 to 0.338, indicat-
ing that these are central force solids. Similar to this, materi-
als with a Zener anisotropic factor of A, =1 are regarded as
being isotropic [48]. The amount of deviance from unity is
used to gauge the degree of elastic anisotropy. The investi-
gated materials are confirmed in Table 2 to be anisotropic

double perovskite compounds.

. 1({2 1 =173 . .
The average velocity, v,, = [— (—3 + 5 >] , is obtained

3\ v
from the expression of longitudinal (v, = %) and

transverse velocities (v, = \/g ), whereas the Debye tem-

k 4r M

of the greatest attainable temperature for a crystal’s normal
modes of vibration. It is also a crucial characteristic of mate-
rials because it links their elastic characteristics to thermo-
dynamic characteristics like melting point, specific heat, and
entropy. The Plank’s constant, Boltzmann constant, Avoga-
dro’s number, density, and average sound velocity are all
denoted by the symbols £, k, N4, p, and v, in the expression
of @p. Table 4 contains the computed results for the afore-
mentioned parameters. The table shows that the Debye tem-
perature for Na,AgSbX, (X=F, Cl, Br, and I) is calculated
to be 321.439, 168.522, 74.945, and 508.952 K, respectively.
The Debye temperature can be used to determine a solid’s
Debye hardness [54, 55], i.e., Na,AgSbF, and Na,AgSbl,
exhibit high Debye hardness, whereas Na,AgSbCl, and
Na,AgSbBr exhibit comparatively low Debye hardness as
shown in Table 4. A comparison of the mechanical param-
eters of the titled materials with a family of similar materials
has been shown in Table 1.

We have performed phonon lattice dynamics within
harmonic approximation to investigate the dynamical
stability of the subject line halide double perovskite

1/3
perature, (6 = u [(3—”) (M )] V,,), 1s an approximation

Fig.9 The computed phonon 500
dispersion spectra along with
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Fig. 10 The computed phonon 300
dispersion spectra along with 1

atom-projected phonon density
of states of Na,AgSbClg
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(Na,AgSbX,) systems. All the subject line composi-
tions are dynamically unstable; they show the presence of
imaginary phonon modes throughout the Brillouin zone.
The corresponding phonon dispersion spectra, along
with atom-projected phonon density of states of all the
compositions, is shown in Figs. 9, 10, 11, and 12. The
presence of imaginary phonon modes in the perovskite
systems is not uncommon. It has been observed in the
literature that the presence of imaginary phonon modes
in the perovskite system does not hinder its experimental
realization. For example, among the four experimentally

DOS [states/cm'/cell]

known phases of BaCeO; [56-59], only its ground-state
(lowest temperature) phase, i.e., Pnma (space group no.
62), shows dynamic stability, and the rest of the phases
possess imaginary phonon modes [60, 61]. Similarly,
although known experimentally, the high-temperature
alpha (a) and beta (f) phases of CsSnl; also show
dynamical instability [62-64]. The examples as men-
tioned above are to name a few; often, such modes are
related to the structural phase transition among perovs-
kite materials [60, 65-70]. Hence, a further experimental
study should be initiated to explore these materials.
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Fig. 12 The computed phonon
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Conclusion Declarations

In the ab initio study of Na,AgSbX¢ (X=F, Cl, Br, I) com-
pounds, we found that their lattice constant lies between
9.056 and 11.988 A. They have an indirect band gap in the
range of 1.273-3.986 eV. From the detailed explanation
of optical characteristics, it can be concluded that all four
materials are most suitable for photovoltaic applications in
the visible and UV range. All the titled compounds show a
high figure of merit (ZT~1) in both p- and n-regions at all
the considered temperatures. A slight decrease in ZT has
also been observed with increasing temperature. Thus, we
recommend these materials of utmost use in TE devices
also. All the subject line materials are found thermody-
namically stable. Among these halide double perovskite
materials, Na,AgSbF and Na,AgSbl, show mechanically
stable, whereas Na,AgSbCly and Na,AgSbBr¢ do not
satisfy all criteria of mechanical stability. From phonon
computation, it is observed that all the studied materials
do not show dynamical stability but based on the promis-
ing properties shown by the systems under this study for
green energy technology, we strongly believe that their
dynamical and mechanical instability can be overlooked
positively, and further experimental study should be initi-
ated to explore these materials.
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