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The clean and green energy is a merging technology of advanced era to achieve the demands
of energy requirements. For this purpose, the double perovskites Rb,AgAlZ (Z = Br, I) are
explored comprehensively in terms of optical, mechanical, thermoelectric, and thermody-
namic characteristics. The stability of structures, elastic and thermodynamic have been
ensured through tolerance factor, Born Criteria, and formation energy. The elastic constants
of cubic symmetry are analyzed to distinguish ductile/brittle nature, anisotropy, Harness,
minimum lattice thermal, conductivity, melting and Debye temperatures. The anions (Br, I)
modified the band gaps (2.60, 1.08) eV which turned the absorption of light energy from ul-
traviolet to visible portion of spectrum. The absorption band of Rb,AgAsls in the energy range
1.7eV—-3.4 eV is particularly significant for solar cells. The large Seebeck coefficient, and
electrical conductivity while particularly low lattice thermal conductivity has been
increased the figure of merit. The large figure of at low temperature open the new finding
roots for realization of these DPs for thermoelectric and other energy applications.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The global economic evolution has increased the human
standard of life due to the advent of modern technologies
[1-3], which require continuous energy supply and ecological
safety [4,5]. The existing energy sources are hazardous to the
environment and are quickly depleting [6,7]. Therefore,
various renewable energy sources i.e., wind energy [8], hydro
power [9], photovoltaic [10] and thermoelectric energy [11] are
being widely studied as alternatives to the existing energy
sources. Thermoelectric phenomenon is eco-friendly and
does not require any mechanical motion of its components
[12,13]. A lot of heat energy generated from a variety of mod-
ern equipment is wasted [72]. Despite of the fact that ther-
moelectric phenomenon is being employed since long time,
but limited energy conversion efficiency is the main problem
[14]. The energy conversion efficiency is termed as the
dimensionless figure of merit ZT (ZT = S?6T/K, where S is
Seebeck coefficient, is electrical conductivity, while K is
thermal conductivity that is equal to lattice K; and electronic
K. parts) [15]. For attaining maximum ZT, as evident from the
expression, thermal conductivity should be as small as
possible, but numerator should be high [16]. However, Seebeck
coefficient S, which expresses potential drops due to the
thermal gradients is linked inversely with the electrical con-
ductivity 6 [17]. High S values express insulating nature, while
high 6 depict metallic character. Due to this, a careful selec-
tion of materials exhibiting optimized values of S and 6 is of
prime significance to exhibit maximum ZT [18]. Generally,
narrow band gap semiconductors have appeared as of high
potential to exhibit higher ZT [19,20].

Narrow band gap materials are also attractive for infrared
photo-detections [21,22] and for field-effect transistors (FET)
to exhibit doping induced switching of the ambipolar trans-
port of majority carriers [23]. Although Pb based narrow band
gap perovskites exhibit higher photovoltaic energy conversion
efficiency [32], but the toxic nature of the constituent Pb and
structural instability limit their commercial applications.
Therefore, various strategies have been applied to improve the
stability during device fabrication, but a trade-off between
stability and efficiency exists [24]. The Pb substitution, in the
typical perovskite structure, with trivalent and monovalent
cations stabilizes a double perovskite structure [25], but indi-
rect band gap makes it less attractive for the devices involving
light emissions [26—28]. Various studies about halide double
perovskites and oxides [29,30,72] reveal that generally higher
optical band gap is exhibited. For IR detection and best ther-
moelectric performance, narrow band gap double perovskites
are required either by designing novel strategies to suppress
the intrinsic optical band gaps or by intentionally inducing
indirect-to-direct band gap transitions in intrinsically narrow
and indirect band gap materials [31-33]. A direct bandgap
double perovskite, Cs,AgInClg, have been investigated theo-
retically to reveal the Cu doping effects on the structural and
optoelectronic properties. Increasing Cu doping resulted
increased photo-absorption coefficient and optical conduc-
tivity that indicated suitability for photovoltaics, solar cells,
and optoelectronic applications [34]. The double perovskites

are vastly studied for magnetic and thermoelectric properties
through DFT approach like Ba,FeMoOg, Dy,CoMnOg [35,36].

X,CulnClg (X = K, Rb, Cs) halide double perovskites have
been reported as stable [37]. The direct energy band gap of
Rb2CuInCl6 has been reported as 1.36 eV, which is closer to the
optimal value 1.34 eV required to exhibit higher efficiency [38].
The existing literature about Ag—Al based Double perovskites
halides Rb,AgAlZ¢ (Z = Br, I) is very limited. In this study, we
present the density functional theory (DFT) based analysis of
the thermoelectric, mechanical, and optical behaviors of Rb,.
AgAlZs (Z = Br, I) to reveal the potential device applications in
wasted heat to electricity conversion and optical detections,
respectively.

2. Method of calculations

The DFT is the most versatile approach to solving the mate-
rials before realizing them for practical applications. The tool
provides the complete information about the characteristics
of different materials before realizing them for practical
manufacturing [39—44]. In this regard, the Wien2 K code and
FP-LAPW method are employed to execute the computations
of Rb,AgAlZ¢ (Z = Br, I) [45,46]. The Murnaghan's equations are
incorporated through PBEsol to evaluate the optimized lattice
and energy of studied system [47]. The PBEsol has been assess
the structural related parameters accurately but the band
gaps and electronics are remained miscalculated. Therefore,
TB-mB]J potential has been used to calculate the band gaps
because it is very simple and precise. Its exactness is equiva-
lent to HSE06, Hybrid functional but TB-mB] consume less
computational time [48]. To find the optical properties and
electronic structures for thermoelectric parameters, we have
applied PBEsol and TB-mBJ package. Furthermore, the %may/
Gmax/Rmr X Kmax factors which demonstrate the angular
momentum, Gaussian factor and muffin-tin sphere to wave
factor multiplication are taken as 10.0/14.0/8.0, respectively.
The convergence of charge/energy are essentially important
for the accuracy of calculated results. Therefore, the high K-
mesh of 20 x 20 x 20 has been executed for convergence of
energy (10*Ry). The BoltzTrap and ShengBTE codes are
applied for thermoelectric and lattice factors calculations
[49,50].

3. Results and discussion
3.1. Structural properties

The cubic structures of DPs Rb,AgAlZg (Z = Br, I) is the com-
binations of two simple perovskites structures which have
space group Fm 3 m (225). Fig. 1, left side show the arrange-
ment of atoms of Rb, Ag, Al, and Br/I in closed pack cubic
structure. The central spacing of Ag and Al based octahedrons
are occupied by Rb atoms. On the right side of Fig. 1, the
polyhedral shape of structure clearly shows the formations of
octahedrons which are split up by 6-fold numbers of Br/I.
The positioned atoms of Ag octahedra (blue color), and Al
octahedra (red color) are surrounded by Z atoms. The (Rb, Ag, Al,
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Fig. 1 — Crystal structure in atomic (left) and polyhedral (right) of Rb,AgAlZ (Z = Br, I) [Rb (green), Ag (blue), Al (red) and Z

(yellow) color atoms].

and Z) atoms contained the Wyckoff sites (4(a, b), 8 (c, 3e) [51].
The lattice constant (ap) of cubic structures are optimized and
found the other ground state factors by Murnaghan's equation
of states. The value of a, is higher for I than Br because of higher
ionic radius of I than Br. In contrast, the bulk modulus obtained
from optimization, decreases from Br to I. Furthermore, the
initial basic test of formation energy has been executed to
confirm the existence of studied DPs through relation

AHf = ETotal (Rb]AgmAInZo) — IERb — mEAg — HEAI — OEZ (1)

The individual energies (Egy, Eag, Eai and Ez) of (Rb, Ag, Al
and Z) atoms are subtracted from the total energy
Etota(RDIAGmALLZ,) of compounds Rb,AgAlZe. The negative sign
of AH¢ provide the confirmation of thermodynamic existence
of studied DPs (See Table 1) [S52]. Furthermore, the existence of
structures is computed by the ratio of ionic radii of elements
in the structures through the relation of tolerance factor

Trp + 1z
r=
s +1z

(2)

Where B is the average ionic radius of Ag and Al at octahedral
sites, and (rgp, rs and rz) are the ionic radii of elements (Rb, Ag/
Al, Z). These radii of elements are calculated from the
execution of Xcrysden software from the improved structures.
The computed values of tr are in the range of 0.94—1.0 which
show the structures are stable (See Table 1) [53].

Table 1 — The lattice and optical parameters of Rb,AgAlZ¢
(Z = Br, 1).

Parameter Rb,AgAlBr, Rb,AgAllg
a, (A) 11.01 11.77
B,(GPa) 22.50 20.65
H(eV) -1.57 -1.23
Ts 0.98 0.88
Eg(eV) 2.60 1.08
£1(0) 3.00 3.69
n(0) 1.74 1.92
R(0) 0.073 0.099
m, 0.20m, 0.27mg
m; 0.31 mo 0.37 my

3.2. Mechanical characteristics

The elastic constants and mechanical characteristics of stud-
ied DPs are investigated by Chapin method. For cubic crystal
structures three independent constants (C11, C12 & Ca4) explore
all the necessary information about mechanical and thermo-
dynamical characteristics. The computed elastic constants
satisfy the Born conditions of stability C44 > 0, bulk modulus is
between C11and C12, and C1;—C1,>0[54]. The bulk modulus (B)
is degcreases from Br to I while Young (Y) and shear modulus
(G) increases because of different anisotropic orientation. The
ratio of B and G (Pugh's condition) is greater than >1.75 for
ductile materials while the Possion condition (v) for ductile
behavior is > 0.26. The values in Table 2 show the studied DPs
are ductile [55]. The comparative analysis show the Rb,AgAlBre
is more ductile than Rb,AgAlls. Furthermore, anisotropy factor
(A) has been computed whose value for isotropic character is
unity and changes from this value considered as anisotropic
behavior. The calculated reports in Table 2 show the

Table 2 — Elastic and thermodynamic paramters of
Rb,AgAlZg (Z = Br, I).

Parameters Rb,AgAlBrg Rb,AgAllg
C11 (GPa) 41.27 39.02

C1, (GPa) 13.52 11.20

Caa (GPa) 5.27 10.59

B (GPa) 22.77 20.47

G (GPa) 7.86 11.81

E (GPa) 21.15 29.72

B/G 2.90 1.76

Y 0.35 0.26

A 0.38 0.76

V, (Km/s) 3.03 2.90

V, (Km/s) 1.47 1.66

Vi (Km/s) 1.65 1.85

6p (K) 154 165

T (K) 796 783

H, (GPa) 2.78 x 10° 6.65 x 10°
Kmin (W/mK) 0.129 0.122
Kinin [100] (W/mK) 0.125 0.121
Knin [110] (W/mK) 0.185 0.156

Kumin [111] (W/mK) 0.138 0.123
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Fig. 2 — The band structures along high symmetry of (a) Rb,AgAlBr¢ and (b) Rb,AgAlle.

Rb,AgAlBr; is hihgly anisotropic and Rb,AgAll; is less aniso-
tropic because of deviation from unity. For the calculations of
Debye temperature (6p), we have solved first the longitudinal
(Vo) and transverse (V;) parts of sound velocity through Navier
equation of states to average their values (uy,) [56,57]. There-
fore, Debye teperautre has been computed by formula,

1

U ®3)

h {3nNAp

D= ks | 4rM

Here (M, p, N,) are constants. The calculated 6p has been
presented in Table 2, which has reasonable values. The 6p
provide information about specific heat capcity which resist
the thermal changes in the materials [58,59].

The melting temperature is an important paramter which
decide the feasibility of the material for device application.
Here it is calculated from the relation Ty, = 553 + 5.91 C4,/GPa.
The large values of Ty, (796, 783)K for studied DPs are ensured
that these materials are suitable for device fabrications at

room temperature. The Tm of Rb,AgAlBr; is higher than Rb,.
AgAllg because of tough bonding in the earlier. The hardness
is another paramter which ensure the reliability of the ma-
terials which is calculated by relation,

Hv = 0.92(G/B)"1¥GO7° @)

The large values of Hv show endurance against the varia-
tions in the shape of the materials. Its values are very large for
the studied DPs which ensure their importance for devices
[60]. The values of Hv presented in Table 2, show the Rb,AgAllg
is harder than Rb,AgAlBre. Furthermore, the minimum value
of thermal conductivity (k) has been reported through the
Cahill formula [64]

k 2
Renin =5 22(M)* (01 + 200) ©)

Here ny, show the atom per unit cell. The calculated values of
kmin has been presented in Table 2 which have enormously

30 T T T T T 06FT 7T T =
- } — TOT DOS (a) 1 . i —Rbs
A0l i 1 04f | hed
§ I i L 1 —Alp
210F i 4 02k E Br/l p
5] I : 1 7] |
; 30 : T T 06
o I i F
A 20+ i 0.4
10+ § 0.2
-4 2 0 2 4 6 8 4 2 0 2 4 6 8

Energy (eV)

Energy (eV)

Fig. 3 — The DOS of compounds (left side) and separate elements Rb, Ag, Al, Br/I (right side) of (a) Rb,AgAlBr¢ and (b)

szAgAlIG .
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Fig. 4 — (a, b) Representation of dispersion factors ¢;(w) & n(w), and (c, d) absorption factors e;(v) & o (w) for Rb,AgAlZs (Z = Br, I).

low values. Therefore, small values of ky;, increases the per-
formance of the materials.

3.3. Electronic properties

The band structures are plotted in Fig. 2 (a, b) which mention
the nature of examined materials. The BS ensure the direct
band gaps at I' direction which numerical values 2.60 eV, and
1.08 eV for Rb,AgAlBrs, and Rb,AgAllg, respectively. The direct
band gap and inter-band transitions increase the expressively
valuable features which boost the scope of materials for solar
cells. The band gap decreases from 2.60 eV to 1.08 eV from Br
to I because of increasing the ionic radius of halide ions at the
center of octahedrons. This increase in the size of halide ions
lessens the gap between valence and conduction bands. It is
also noted from BS the states are flat and large in number in
VB while states are curved and less in number in the CB.
Therefore, the effective mass.

m,;, are larger than the electrons m; which confirm the p-
type character of these materials (See Table 1).

Moreover, the density of states is plotted in Fig. 3 (a, b)
which illustrate the distribution of electrons of Rb,AgAlZg, Rb,
Ag, Al, and Z atoms. The lift side of TDOS show the identical
behavior as BS. The electrons of Rb atom exist in the deep
region, away from the VB and CB which do not contribute
significantly in the transition mechanism. However, the d-
states electrons of Ag, p-states electrons of Al and Br/I are
responsible for the transitions and recombination of elec-
trons. At —2.5 eV and 6 eV the contribution of 3d-Ag is

maximum and CB minima is formed by p-Br/I therefore,
electrons also leap inside the halide ions and 3d-Ag states.

3.4. Optical properties

The solar cells and photovoltaic characteristics of materials
depends the band gap, energy absorption and efficiency of
materials to convert light into electrical energy. The direct
band gaps are appreciably essential because direct trans-
formation of electrons between VB and CB bands avoid the
phonons emission and increase the reliability of optical de-
vice. In present article, the optical behavior of Rb,AgAlZs
(Z = Br, I) has been elaborated in terms of dielectric constants
e1(w) + ieo(w), where its real section has been denoted by &;(w)
and fictional section by e,(w). The ¢4(w) classify the distribution
and divergence while &,(w) specify the decrease in the light
strength when it pass through the materials. This is also
measured in terms of attenuated of energy by the materials
are absorbed part [30,61—-65]. Here the complete set optical
parameters are explained in Figs. 4 and 5 (a-d). The zero-
energy limit of &;(w) and band gaps are related through the
Penn's equation e; (0) =1+ (hwp/Eg)? [66]. The calculated &;(w)
and E; are shown in Table 1 which are exactly satisfy the
Penn's relation. The zero energy numbers 3.0/3.69 increase
with growing energy and attain the first peak at 3.3/1.8 eV and
second peaks at 5.5/3.8 eV for Br/I based DPs (See Fig. 4a). At
these peaks, resonance frequency fully polarized the light and
after that it drops to minimum. The substitute of I ions in
place of Br increases the dispersion which shows the halide
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Fig. 5 — (a, b) Representation of Ext. coeff and Opt.

conductivity k;(v) & o(w), and (c, d) Reflection and loss
factors R(w) & L (w) for Rb,AgAlZ¢ (Z = Br, I).

ions have significant impact on the optical characteristics.
The divergence of light energy can also be understood from
refractive index n(w) (See Fig. 4b) which is the replica of e;(w).
There zero energy values are related through n3 = £(0) [67].
The coherence between ¢;(w) and n(w) show the similar trends
of graphs with growing energy which is important for the
accuracy of results.

The Kramer—Kronig relation [68] has been integrated to
solve the dielectric constants whose imaginary contribution is
represented by e,(w) as shown in Fig. 4c. It measures the ab-
sorption of light energy in the regions from 3.1 to 5.1 eV, and
1.7-3.4 eV for Rb,AgAlBre, and Rb,AgAllg, respectively. The
absorption band of Rb,AgAll, exists in the visible light range
which is suitable for solar cells and Rb,AgAlBrg is appropriate
for optoelectronic devices in ultraviolet section. Furthermore,
the optical band gaps (2.60, 1.08) eV are determined by tangent
lines of the curves which are consistent with band gaps ac-
quired from BS. In same way, the absorption coefficient « (w)
also describe the decrease of light energy when it passes
through materials. The computed values of o (w) are portrayed
in Fig. 4d. The decrease in energy per centimeter (decay rate) is
similar as represented in the graph of e;(w).

Furthermore, refraction of light energy has been distrib-
uted in two parts whose imaginary section is represented as
extinction coefficient k (v), is also represented the decay of

light energy. Its graphed values in Fig. 5a also consolidate the
pattern of « (w) and e;(w). For the complete analysis of optical
parameters, the conduction of electrons o (w) is generated by
the absorption of light energy as plotted in Fig. 5b. The trends
of ¢ (w) are equivalent to absorption parameters because the
free electrons depend upon the energy absorbed by the
materials.

The incident light energy on the materials is distributed in
transmission, reflection, and absorption. The reflection of
light energy during interaction with materials surface has
been presented in Fig. 5c. R(0) has been noted 0.073 and 0.099
for Rb,AgAlBrg, and Rb,AgAllg, respectively. Its value remains
in the range from zero to 0.2 in visible range. Furthermore, a
fraction of light energy also lost in the form of dispersion, and
other losses. Therefore, the loss of optical energy L(w) has
been graphed in Fig. 5d which shows the loss of energy for
studied materials is very small. The major part of incident
energy is absorbed by the materials. On the base of complete
analysis of optical behavior of these DPs, it is observed the
Rb,AgAllg is important for solar cells.

3.5. Thermoelectric properties

The waste heat can also be utilized for energy consumption
through thermoelectric generators. The efficiency of thermo-
electric materials is analyzed by the figure of merit which is
evaluated through formula 6S%k. Here "S" is the Seebeck co-
efficient which is measured from the potential gradient be-

tween dissimilar metals, "¢" is electrical conductivity which
determine the flow of carriers, and "«" is the thermal con-
ductivity measured from lattice vibration. For optimum per-
formance, the S and o are large while the « should be least
[69—76]. In this article, the transport characteristics, of studied
DPs are computed by BoltzTrap code in the temperature span
100—600 K as depicted in Fig. 6 (a-d) and Fig. 7 (a, b). The o
represented in Fig. 6a, show the linear increases in its values
with growing temperature from 100 to 600 K because the
increasing temperature creates more electrons and holes. The
o for Rb,AgAlls is larger than Rb,AgAlBre because I have a
greater number of free electrons as compared to Br.

The « is involved from electrons as well as from the lattice
vibration. The contribution from electrons is represented by
kel and from phonons, it is denoted by k1. The contribution of
kph has been dropped because of heavy calculations and
constraints on BoltzTraP code. Therefore, calculated ke has
been graphed in Fig. 6b for the studied DPs. The observation of
graphs ensures the similar type of behavior as . The k¢ is also
greater for Rb,AgAlls as compared to Rb,AgAlBrg because
more electrons Rb,AgAlls and greater ionic radius of iodide
than bromide. For the analysis of performance, the ratio ke/c
has been calculated which confirm the o is 10° greater than ke
which make them significantly importance materials for
thermoelectric generators [77].

The potential variation between the different metals
against the temperature change has been recorded in terms of
Seebeck coefficient (S). The plotted graphs of S for Rb,AgAlBrg
and Rb,AgAllg are shown in Fig. 6¢c which show increases in
values from 0.195/0.218 mV/K to 0.178/0.182 mV/K as T in-
creases from 100 to 600 K. This decrease in S is due to increase
in intensity of electrons (o). In DPs, the large values of S play a
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Fig. 7 — (a) Representation of performance factors (ZT) and (b) lattice vibration factor (k) for Rb,AgAlZs (Z = Br, I).

significant role to boost the thermoelectric performance (TP).
Therefore, the power factor (PF) has been computed as (5S?)
with out the effect of k, to understand the TP of studied DPs.
The PF increases from 0.9/1.1 to 3.2/3.6 W/mK? with growing T
from 100 to 600 K (See Fig. 6d).

However, TP can not be identified without including the «
contribution. Therefore, the ZT has been graphed in Fig. 7a
which provide accurate merit of scale for TP. Its values are
high atlow and even at room T which assured the importance
of these DPs for thermoelectric generators. From the studied
DPs, the Rb,AgAlls is comparatively better because of higher
values of ZT than Rb,AgAlBr¢ which is approximately unity at
300 K. The «, is the most important factor to influence the ZT.
Therefore, ithas been included in ZT and has also been plotted
separately in Fig. 7b.

For excellence performance, its values should be lowest to
enhance the ZT. Some thermoelectric players are cited below
to compare the k, of studied DPs. At room temperature, our
studied DPs have 0.14 and 0.12 W/mK which is very less as
compared to 0.15/1.24/2.60 W/mK for Cs,Pdls/Bi,Tes/GeTe
[78-81].

4, Conclusions

Comprehensively, the DPs Rb,AgAlZ¢ (Z = Br, I) are addressed
solar cells and transport applications by the analysis of opti-
cal, mechanical, thermoelectric, and thermodynamic char-
acteristics. The structures of studied DPs are stable because of
ideal values of tolerance factor, Born mechanical conditions,
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and negative formation energies. From mechanical criteria, it
is also found the ductile nature, ultralow minimum lattice
conductivity, Large melting, and Debye temperatures. The BS
analysis show the direct transitions and band gaps between
VB and CB. The absorption bands are invisible span for Rb,.
AgAllg, and ultraviolet region for Rb,AgAlBrs. Furthermore,
studied materials are completely polarized, and have least
losses of energy which boost their applications for solar cells.
In addition, to above thermoelectric efficiency has scrutinized
in terms of ZT. It shows the large values of ZT at low tem-
perature. The Rb,AgAllg has unity value at room temperature
which is highly appreciated for transport applications. Finally,
our findings of DFT will provide inclusive knowledge to the
experimental researchers to realize them for solar cells.
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