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ABSTRACT

Physical properties of chromium-doped halide double perovskites (DPs) Cs,GeXg (X= Cl, Br) are estimated with respect to the DFT-based software
Wein2k. These materials can be selected for solar cells and photovoltaics owing to their non-toxicity and ecological sustainability. Density functional
theory (DFT) calculations investigate the physical characteristics of halides A.BX¢ (A=Cs; B=Ge; X=Cl, Br), both pure and Cr-doped, which can
potentially be applied to thermoelectric applications. Formation conditions and tolerance factors ensure the material's structural and thermodynamic
feasibility. The band gap of the material Cs,GeClg is 4.5 eV; the same for the doped one Cs,Geo75Cro25Cls is 4.1 eV; the band gap of the material Cs,GeBrs
is 3.0 eV, while that of the doped material Cs;Geg75Cro25Brg is 2.5 eV. Cs,Geq75Cro25Cls and Cs,Geo75Cro2sBrs have indirect band gaps, respectively.
Furthermore, when the chromium doping ratio increases, so do the equilibrium lattice parameters of Cs,GeCls and Cs,GeBrg. Cs,GeClg: 10.32 A,
Cs,Geo75Cro2sCls: 10.55 A, and Cs,GeBrs: 10.65 A, Cs,Geg75Cro2sBrs: 10.85 A are the calculated lattice parameters. Both compounds have the same total
magnetic moment values with 25% Cr doping for Cs,Geo75Cro25Clg and Cs,Geg7sCro2sBrs. As a result, all of the halides investigated are commonly
employed in thermoelectric devices. Thermal conductivity, electrical conductivity, and the Seebeck coefficient are also used to investigate thermoelectric
properties. The computed values for PF at 200 K are PF=1.90%x 10"'W/K?ms and 1.85x 10*'W /K?ms, and PF=3.98x 10''W /K?ms and 4.09x
10w /K ?mat 800 K are measured for Cs,Geg75Cro25Cls and Cs,Geo7sCro2sBrs, respectively, highlighting their importance in thermoelectric applications.

The Seebeck coefficient value drops as temperature increases.
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1. Introduction

The recently obtained results show that double halide
perovskites can be considered as prospective materials in
luminescence and photovoltaics. Despite great progress in
materials science, a problem remains in accurately defining
"perovskite." Therefore, we will define our concept of
perovskite materials with an additional specification of
"higher halides," i.e., Cl, Br, and I. It’s necessary to specify
distinguishing features of halide perovskites within this
definition and point out crystal structures that are not
regarded as perovskites despite being close to this class in
terms of structural characteristics [1]. Rapid growth of world
population, combined with the use of modern electronics and
other technologies, leads to a constant need for energy that is
hardly supplied using conventional sources. Therefore, much
work has focused on improving the efficiency of various
renewable technologies [2, 5], including thermoelectric
devices and solar cells. To improve the performance of solar
cells and other photovoltaic devices, properties of halide
double perovskite materials should be optimized [6, 10].
Double halide perovskites are considered highly efficient
and reliable materials in solar cells and photovoltaics
[11, 12]. They exist as organic—inorganic and purely
inorganic perovskites, but double perovskites are mostly
produced from the inorganic composition of the mentioned
compounds. Their unusual structure and physical properties
make them of great interest in materials science research
[13]. Initially, organic-inorganic double perovskites were
used to create dye-sensitized solar cells (DSSCs), but their
low efficiency made large-scale production impossible
[14, 15].

*Corresponding author: greatkhan17@gmail.com

Further research shows that using inorganic HDP
materials can increase device efficiency and stability. For
example, several investigations demonstrate the efficiency of
HDP-based solar cell techniques compared to traditional
silicon-based photovoltaics [16]. Other renewable energy
sources can use halide double perovskites to capture heat
produced by commercial electronic and mechanical
equipment. The Pb-free double perovskites A,BXg (Where A
= Cs, B = Ge, X = Cl, Br) can be considered one of the best
materials for renewable energy and an alternative to hybrid
halide perovskites [17]. When discussing HDP halides,
adding Pb to improve device stability and efficiency seems
inevitable. Lead is highly poisonous and can threaten
people's health [18]. Another disadvantage of lead in this
context is its instability under long-term solar irradiation.
Double halide perovskites are among the most promising
compounds for solar cells and similar technologies and will
most likely be used to manufacture lasers, solar cells,
photovoltaic absorbers, and light-emitting diodes [19]. That
is why scientists strive to replace Pb with other elements,
such as Ge?* and Sn?" which are more environmentally
friendly and can improve efficiency and stability. However,
these ions are unstable because they are easily oxidized
[20, 21]. Replacing Pb?* with Bi** and Sh** does not improve
performance [22, 23]. The future of these materials may lie
in bivalent [24] and heterovalent doping [25].

The formation of a direct bandgap is another commonly
observed characteristic of double perovskite halides. Their
properties depend on controlling the stoichiometric ratio
between the constituent elements [26, 28]. Stabilizing a
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particular crystal structure through composition tuning is one
clear benefit. To improve stability and effectiveness, it is
necessary to increase the number of possible cation
substitutions in these materials. This purpose could be
achieved with the help of vacancy-ordered double perovskite
halides, when half of the B-site cations from the AB,Xg
compound are eliminated [29].

Because of the interesting magnetic ordering and tunable
electronic properties of these double perovskites, some Cr-
containing compositions, such as Nd,FeCrOs and
La,CrCoOs, have been reported as good candidates for
spintronics [30]. Despite this progress, Cr-substituted lead-
free double perovskites still lack detailed investigation,
especially using a single approach to study their stability,
magnetic ordering, electronic structure, thermoelectric
properties, and optical properties [31]. In addition, studies
that explore all these properties using a first-principles
approach are relatively rare. Recent first-principles studies
have shown that optical, electrical, and photovoltaic
properties of double perovskites can be tuned by varying
composition and engineering the electronic structure. In this
regard, Zhang et al. studied the energy band gaps and
electronic structures of CsGeX; (X=Cl, Br, 1) materials in
the visible range. Other optical properties of Cs,Snlg,
including a 1.6 eV bandgap, were studied in terms of their
applicability in  photovoltaic devices [32]. Many
advancements in halide double perovskite applications for
solar energy harvesting have been made [33]. An extensive
group of double perovskites of A,BXg type was analyzed by
Wang et al. in the context of their utilization in solar cells
when A = Cs, Rb, Tl; B - a tetrahedral cation; X = CI, Br, |
[34]. Halide perovskites are promising materials for
thermoelectric devices and photovoltaics because of their
environmentally friendly compositions. Cr-doping in halide
double perovskites of the general formula Cs,GeXg
(X =Cl, Br) was examined with the help of DFT [35].

2. Methodologies

DFT is a widely used method for computing the
structures and optical and electrical properties of crystals.
We wused Wien2k [36] to calculate the physical
characteristics of doped and undoped compaositions. Ground-
state structural properties were determined by optimization
and relaxation of the arrangement of the double perovskite's
unit cell structure. We calculated optical and electrical
properties using the optimized structural parameters. In this
work, we solved the Kohn-Sham equations using first-
principles methods with the Wien2k program and its related
simulation packages. Geometry optimization has been
performed with GGA-PBE [37], and electronic structure
calculations have been performed with the well-known
modified Becke-Johnson (mBJ) exchange potential [38],
which is known to produce much better predictions of band
gaps of semiconductors and insulators than conventional
GGA. We used muffin-tin spheres around each element in
the double perovskites under study. In this case, we used the
LAPW basis set to expand the wave functions so that the
waves within the spheres would be atomistic, while those
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outside would be plane waves. For better convergence, we
used lnax = 10 and Ryt X Kpax = 8, respectively. We
performed this electronic structure treatment using the
Wien2k model. We analyzed transport properties up to 4000
k-points using BoltzTraP [39].

3. Results and Discussion

3.1  Structural properties

This paper explores the structure of the halide double
perovskite material A,BXs (A = Cs; B = Ge; X = ClI, Br),
which adopts a face-centered cubic structure with the space
group of Fm3m (No. 225). Figures la and 1b depict the
atomic structure of A,BXs (A = Cs; B = Ge; X = ClI, Br),
showing the system’s exact geometry. These figures depict
the structures of vacancy-ordered double perovskites
Cs,GeClg and Cs,GeBrg with different chromium doping
levels (Cr: 0%, Ge: 75%, Cr: 25%). Both structures have a
face-centered cubic shape. Throughout the calculation, the
Fm-3m (225) space group is employed. Atomic locations of
Cs (0.25, 0.25, 0.25), Ge (0.00, 0.00, 0.00), and Cl, Br (0.20,
0.00, 0.00) are utilized [40], and chromium concentration
vary with controlling Ge concentration, as seen in Figure 1
(a2 & b). With increasing chromium doping concentration,
the lattice parameters of Cs,GeClg and Cs,GeBrg increase.
The computed lattice parameters are: Cs,GeClg: 10.32 A,
Cs,Gep75Cro25Clg:10.55 A, Cs,GeBrs: 10.65 A, and
Cs,Geo75Cro25Brs: 10.85 A. Furthermore, Figure 1 (a & b)
depict B-lacking ABX; perovskites with BX6 octahedra. The
A-site atoms contribute to the filling of empty spaces
between octahedra. Each [BXg] octahedron in the A,BXg
structure is isolated, resulting in a 12-fold coordinated
framework of different X anions. A-atoms (cations) are
bounded by 12 CI, Br halogen ions, whereas the B-atoms are
surrounded by 6 Cl, Br halogen ions. The BXg octahedra are
essential to forming the cubic structure. Before and after
doping, all structures are cubic. The computed necessary
optimal information is presented in Table 1, using the GGA-
PBE technique. No theoretical or experimental studies are
available for comparison. Furthermore, to check the stability
of the current materials, the stability and octahedral factor
play a vital role. The following relations are used to
determine the tolerance factor and octahedral factor [41]:

— 4 _ _TAtTX
Tolerance factor = t = Tt 1)
Octahedral factor = y = :—i (2)

Here r sub cap A, r sub cap B, and r sub cap X are the
corresponding ionic radii of the A, B, and X atoms in the
BX; perovskite structure. Perovskite crystals exhibit
excellent cubic shapes when t = 1. The octahedral factor is
another technique used to describe structural stability.
Tolerance and octahedral factors are empirical systems that
ignore chemical interactions between constituents. As a
result, the largest stability domain of ABXj; varies with the
chemical composition of the components. The perovskite
structure is expected to be achieved in the halide perovskites
if the tolerance factor t falls between 0.813 and 1.107 and
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0.442 and 0.895. The estimation of tolerance and octahedral
factors assumes that all ions, including the organic ones, are
perfect hard spheres and that ionic radii do not depend on
temperature. However, estimating perovskite stability using
tolerance and octahedral factors can be relatively easy and
instructive. In the current work, perovskite crystal stability is
estimated using both tolerance and octahedral criteria. It is
related to ABX; type perovskite systems where ions A, B,
and X have coordination numbers 12, 6, and 6, respectively.
lonic radii for B and X ions are taken from Shannon. The

Table 1: Calculated parameters for Cs,Ge;«CrXs (x= 0, 0.25).

ionic radii of A-site cations are taken as constraints because
Shannon's classification system provides no complete data
for 12-coordinate ions. The tolerance and octahedral factors
were calculated using these values r,= 1.88 A, 3= 0.73 A,
7e= 1.81 A, and 5,=1.96 A, 1,=0.80 A (Tanaka, Oku, &
Ueoka, 2018). The calculated values are: Cs,GeClg: t= 1.02,
p= 0.40 and Cs,GeBrg: t= 1.01, p= 0.37. Therefore, the
following structures are stable because these values meet the
required stability criteria.

Compound a,(A) Bo(GPa) AH; (eV) E, (eV) Mot Mcr Mes Mece Mecuer
Cs,GeCls 10.32 64.31 -2.45 45 - - - - -
Cs,Geo75Cro2sCls 10.55 52.16 -2.24 41 3.000 0.632 -0.009 0.2584 1.500
Cs,GeBrg 10.65 48.42 -2.30 3.0 - - - - -
Cs,Gep75Cro2sBre 10.85 36.46 -2.15 2.5 3.000 0.650 -0.007 0.2650 1.650

Fig. 1: Optimized cubic crystal structures of A,BXs (A=Cs; B=Ge; X=Cl, Br)

We used formation energies to study the thermodynamic
stability of A2BXs perovskites (A = Cs; B = Ge; X = Cl, Br)
along all possible synthesis routes. Formation energy is the
energy difference between the total energy of the compound
and the sum of the energies of its individual elemental
constituents [42]. Therefore, it is calculated as follows:

AHf — E;“ZBXG _ ZEtAcubic _ E:_-?cubic _ 6EtXUTthU (3)

Where E/?%*¢, A, EE, and E¥ denote ground-state total
energies of A;BXg, compound, and elemental components
A, B, and X in their most thermodynamically stable standard
structures, respectively. We carried out a comprehensive
geometry optimization for each system under consideration,
i.e., locating the volume at which the material's energy is
lowest. When describing the stability of a compound, the
sign and size of its formation energy are most often cited in
the literature, as we have seen. When the formation energy is

negative, the material is stable; a positive value indicates that
the compound is unstable and cannot be synthesized at room
temperature and pressure. More negative formation energy
means a more stable Proofreadingmolecule, and vice versa.
Table 1 summarizes the formation energy data for all chosen
contenders. Our findings suggest that these materials have a
negative formation energy, indicating that they are more
stable. Table 1 compares the Cs,Ge;CrXg (x = 0, 0.25)
perovskites; Cs,GeCly is the most stable. After Cr doping,
the stability of both Cs,GeCls and Cs,GeBrg perovskites
declines, although the former is still more stable than the
latter.

3.2 Electronic properties

To explain the electronic behavior, we studied the spin-
polarized band structure, total density of states (TDOS), and
partial density of states (PDOS) for Cs,Ge;CryXe
compounds at x = 0 and x = 0.25. The results of spin-

3
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dependent band structure and TDOS for both the spin-up and
spin-down configurations are illustrated in Figures 2-4,

where spin-dependent PDOS is also segregated in terms of

atomic contribution as well as orbital contribution. The

6 CSQG60_75C1“0_25C16

>
2
S
20
—
L
=
(]
6
4
s -
© L i
% 0 e
b
=
m_z
4

_GWEL r

XWK'6W L T

calculated band gap energies are 4.5 eV for Cs,GeClg, 4.1
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Fig. 2: Band structures of Cs,Geg75Cro.25Cls and Cs,Geg 75Cro.25Brs with up-spin and down-spin channels

The electron transition can be understood using
electronic features. Fermi level EF is set to 0.0 eV. The total
and partial DOSs for spin-up and spin-down channels are
also investigated using GGA with the PBE exchange-
correlation functional. In the current scenario, the
Cs,Geg.75Crp25Clg and Cs,Geg 75Cro25Brg show an indirect
band gap nature with spin-up, while with spin-down they
exhibit a direct nature, as represented in Figure 2. The

4

energy band gap values for the eight A,BXg perovskite
materials have been calculated and are provided in Table 1
below. This is as part of a systematic study to establish
whether they satisfy the required condition in terms of their
electronic structure. Table 1 lists the band-gap values for all
materials calculated with different exchange-correlation
functionals.



M. A. Khan et al. / The Nucleus 63, No. 2 (2026) 01-09

Figure 2 provides electronic band structure diagrams for
A,BXs perovskites using the GGA-PBE approximation,
plotted along high-symmetry points in the Brillouin Zone,
while keeping the A-site cation constant in all cases. The
band structures show that all materials considered here
behave as semiconductors. Notably, in the cases of undoped

CSQG60_75CI‘0_25C16
— 1 T 1 ! R

and 25% Cr doped Cs,GeClg/Brg materials, indirect band
gaps are expected, as shown in Figure 2 below. In such
cases, the valence band maximum and conduction band
minimum are located at a high-symmetry point (0.0, 0.0,
0.0).
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Fig. 3: Total and partial DOSs of Cs,Geg 75Cro25Clswith up-spin and down-spin channels

Figure 2 shows that anti-bonding orbitals of Ge-5s and
X-5p are responsible for most of the valence band, whereas
those of Ge-5p are responsible for all of the conduction
band. Cs-2s, Cr-3d, Cl-, and Br-2p orbitals hybridize below
and above the Fermi level, respectively, in the TDOS and
PDOS for Cs,Ge;CryXs (X = 0, 0.25), and the high peaks
between -1.5 and 6 eV indicate hybridization between the
Cl-, Br-2p, and Cs-2s orbitals. Significant hybridization of
the Cs-2s, Cr-3d, and Cl-, Br-4p orbitals causes peaks below
the Fermi threshold. Cs,GeClg and Cs,GeBrg are both pure
semiconductors, but Cs,GeClg with 25% Cr-doping at the Ge
site is also a semiconductor (as shown by the DOS graphs).
The PDOS of halide perovskites elucidates the role of each
orbital in the band structures and reveals evidence of
hybridization inside the double halide lead-free perovskites.
Figures 3 and 4 show the PDOS (with 25% Cr doping) for
CSzGEO_75cr0.25CIG and Cs,Geq.75Crg 25Brs. The PDOS anaIySiS
suggests that the valence band maximum is mainly
composed of contributions from the p states of CI/Br, but
also shows significant mixing with Cr 3d states, indicating
strong covalent bonding between chromium and the halide
elements. In contrast, the conduction-band minimum is

mainly dominated by Cr 3d states, while the involvement of
Cs states near the band edge is insignificant. The energy
range of -4 eV to 0.0 eV is classified as the upper valence
band region, while the energy range of 0.0 eV to 4 eV
belongs to the lower conduction band region. As seen in
Figures 3 and 4, the sum of CI spin-up and spin-down
channels is the major contributor to the formation of the
valence band edge compared to the contributions of other
orbital channels. Similarly, the sum of CI spin-up and spin-
down channels largely determines the conduction band edge,
while other channels contribute little. Adding Cr further
increases their relative contributions. Incorporating Cr
creates localized 3d electronic states that strongly hybridize
with neighboring anion p-orbitals, changing the electronic
band dispersion near the Fermi level. Hybridization
decreases the band gap and increases spin polarization,
which is desired for spintronics. It has also been discussed
that the extent of band-gap modification depends on the
exchange interaction and crystal-field splitting of Cr 3d
states [43].
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3.3 Magnetic properties

In the context of magnetic properties, various magnetic
attributes (M, Mcs, Mciysr, Mge, Mc;) are calculated and
recorded in Table 1. Figures 2, 3, and 4 show the band
structures, TDOS, and PDOS for Cs,Geg75Crp25Clg and
Cs,Geg75Cro25Brs. We then evaluate the magnetic moment
using the GGA + mBJ potential approach and discuss the
atomic contributions. Ferromagnetic semiconductor nature
materials are characterized by a magnetism that has an
integral value of 3ug, as discovered by the (GGA + mBJ)

Cs2Gep 75Cro.25Br16
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schemes. The highest number of half-filled p-states in Mgy,
atoms is clearly seen in the magnetism inside the structure
[44]. Other elements' (not stated above) small contribution to
the total magnetic moment is reflected in their low-lying
energy levels, which are distant from the Fermi level. Cl and
Br atoms are most visible close to the Fermi level, but fade
away at 25% Cr doping, which is reflected in the PDOS
calculated using the GGA + mBJ functional scheme. Table 1
shows the results of our calculations for the total and
individual magnetic moments of the atoms.
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Fig.4: TDOS and PDOS of Cs,Geg 75Cro25Brgwith up-spin and down-spin channels

3.4 Thermoelectric properties

This band structure determines how a material will
behave under thermoelectric conditions, making band gap
engineering very effective for this purpose. Thermoelectric
(TE) materials can convert wasted energy into useful forms.
Currently, because of their ability to control energy
convergence, these materials are being studied much faster
than other technological materials [45]. The thermoelectric
transport properties were calculated using the BoltzTraP
software tool, which uses the semiclassical Boltzmann
transport equations in the constant relaxation time
approximation (CRTA). Both of these calculations are
performed using the band structure data obtained from the
first-principles calculations, where an energy-independent
relaxation time (t) is used, along with the rigid band
approximation to account for doping effects. In such a case,
the Seebeck coefficient (S) does not depend on 1, whereas
the electrical conductivity (o) and electronic thermal

6

conductivity (k) are given by o/t and /1, respectively. As
per the wusual protocol followed in the BoltzTraP
calculations, no scattering process is taken into account.
Thermopower is the amount of electromotive force produced
by a material under certain thermal gradients. Thermopower
is used to determine how effective a material will be under
thermoelectric conditions, and since it depends on the band
structure, it determines electron and phonon transport [46].
ZT, a quantity that is dimensionless, represents the figure of
merit of the thermoelectric process and is given by
ZT=S’To/x is a quantity independent of both time and space
and varies proportionally to SoT. Specifically, k = i; + Ky
describes the relationship between thermal conductivity k
and specific heat capacity of material. Successful solutions
for fine-tuning these transport parameters need knowledge of
electron-phonon transport interactions in a typical TE
material. In terms of Boltzmann transport theory, a number
of transport coefficients, namely, electrical conductivity,
normalized Seebeck coefficient, electronic and lattice
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thermal conductivities, as well as power factor, have been
calculated to study the electronic transport characteristics of
the layered Cs,Ge;CrXe (X = 0, 0.25) perovskites within
the assumptions of the constant relaxation time and rigid
band approximations [47]. These transport coefficients
include electrical conductivity (o/t), Seebeck coefficient (S),
and total thermal conductivity (ky), among others. The
results are shown in Figures 5(a) and 6(a, b).

15 T T T T T T T T T T
=
=
G
—
= — (Cs2Gen.75Cr0.25C16 T
% - —u CSzGeo_75C1‘o_z5B1‘6 .

0 P R DR REPE R R
200 300 400 500 600 700 800

/_\5'|'|'|'|'|'
o
=
Ny

= 3
s

E 2

21

~—

L5

» 0 P DR DR RPN S

200 300 400 500 600 700 800

Temperature (eV)

Fig. 5: (a) Electrical conductivity, and (b) thermal conductivity of
CszGeo,75Cro_25CIG and CSzGF.‘ojscl'o,szre

Compounds are either p- or n-type depending on the
number of electrons or holes present in the valence and
conduction bands, respectively. When calculating the
thermoelectric characteristics of Cs,Ge;,CryXg (X = 0, 0.25)
double perovskites, the Boltz trap algorithm is employed
(see methodology part). The electrical conductivity for the
CSzGeO_75cr0.25C|e and Cs,Geq.75Crg 25Brg are shown by FigUre
5(a). The calculated values from the graph 5(a) for
Cs,Geg75Cro25Clg is o/t = 0.60 x 109(2ms)~! and for
Cs,Geg.75Cro25Brg is o/t = 0.30 x 10'9(2ms)~! at 200 K
temperature. To enhance the electrical conductivity, the
temperature must rise, since more carriers are made available
in the conduction band at higher temperatures. At 800 K
temperature, for Cs,Geg75CrosClg is o/t = 140 X
1019(.(27’)’13)_1 and for Cs,Geg.75Crg 25Brg is O'/T = 1.25
x 10'°(Qms)~t. Furthermore, the two modes of heat
conduction are the electron and the phonon, and the thermal
conductivity relationship is given by k = Keectron +
Kphonon: WNEre Kpponon PhONON and Kepecrron are the
phononic and electronic thermal conductivity coefficients,
respectively. To avoid issues with the BoltzTraP algorithm,
we considered only the electronic contribution to thermal
conductivity and ignored lattice vibrations [48]. Figure 5(b)
shows the current thermal conductivity values. The

calculated values are: for Cs,Geq 75Cro25Clg IS Kepectron/T =
0.50 x 1015W/Kms and for CSzeeO.75crolszr6 is Kelectron/T
= 040 x10W/Kms at 200 K temperature. The
exponential growth is found in thermal conductivity which
can be observed from Figure 5(b). At 800 K temperature, its
values are: Keectron/T = 4.40 X 10°W/Kms and for
Cs,Geg 75Crg 25Brg is Kelectron/T =450 % 1015W/Kms. The
value of the band gap explains the slight increase in the
thermal conductivity value. The value of the electronic
thermal conductivity to the relaxation time, K./t, is still about
107°. Overall, the calculated values suggest that the studied
materials can be used for thermoelectric devices.
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Fig. 6: (a) Seebeck-coefficient (b) Figure of merit of Cs,Geg 75Cro25Cls and
Cs2Geo.75Cro 2B

In a thermoelectric system, the temperature difference
between two metallic junctions creates a voltage difference,
and the Seebeck coefficient, S, determines its effect on
device efficiency. In Fig. 6a, the Seebeck coefficient
decreases monotonically with temperature in the range 200-
800 K, suggesting that carrier excitation increases as
thermopower decreases. Given the positive sign, this
material is a p-type semiconductor in which holes are
responsible for charge transport. It can be noted that the
values of the thermoelectric parameters found correspond
very well to the electronic structure. The large value of the
Seebeck coefficient comes from the semiconducting nature
of the materials, as well as the presence of the sharp density
of states peaks at the band edges. Electrical conductivity
depends on the dispersion of the bands near the Fermi level,;
the larger the dispersion, the higher the conductivity.

It should be noted that the temperature dependence of the
electronic thermal conductivity corresponds to the
dependence of electrical conductivity, since both are
associated with charge-carrier motion according to the

7
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Wiedemann-Franz law. Computed Seebeck coefficients of
C52G90'7scr0.25C|6 and Cs,Geg75Crg5Brg at 200 K have the
values of 1.73 and 2.13 uV/K, respectively. At 800 K, these
same materials yield Seebeck coefficients of 1.70 uV/K and
1.80 HV/K for CSzGeo_75cr0.25C|6 and Cs,Geg 75Crg 25Brg,
respectively. The material Cs,Geq75Cro2sBrg has relatively
large Seebeck coefficients compared with those of
Cs,Geg75Cro25Clg due to Coulomb interaction and bond
dissociation effects. In thermoelectricity, two main
parameters determine a material's efficiency in energy
generation: electrical conductivity and the Seebeck
coefficient, commonly represented by the power factor (PF/t
= S?o/t). The power factor (PF) of thermoelectricity was also
examined with respect to the temperature regime, as shown
in Fig. 6(b). There are two states in the first phase from 200-
650 K temperature; it increases, and from 650-800 K
temperature, it increases for Cs,Geg 75Crg 25Brg and decreases
for Cs,Geq75Cro25Clg, as represented in Figure 6(b). The
calculated values of Cs,Geg 75Crg25Clg and Cs,Geg 75Crg25Brg
at 200 K are PF=1.90x 10''W/K?ms and 1.85 x
101'W /K?ms, respectively. At 800 K, ZT= 3.98x
1011W/K2ms C32G60.75cr0_25C|6 and 4.09x 1011W/K2ms
Cs,Geg 75Cro5Bre.  Additionally, we calculate the room
temperature values of ZT by employing the formula as
ZT=0ST/x. Room temperature ZT values are 0.79 and 0.78
for Cs,Ge75Cro25Cls and Cs,Geg 75Crg05Brg, respectively
indicating both doped compositions are potentially used in
thermoelectric devices.

4. Conclusions

In the current research, density functional theory (DFT)
using FP-LAPW+lo method is applied to investigate
structural, magnetic, thermoelectric, and electronic
properties of the studied materials. In this study, DFT
calculations were performed on the physical properties of
AxBXGe halides (A = Cs, B = Ge, X = Cl, Br) with or without
Cr substitution. Our calculated results indicate as the
chromium doping ratio rises, the equilibrium lattice
parameters of Cs,GeClg and Cs,GeBrg also increase. The
computed lattice parameters are Cs,GeCls: 10.32 A,
Cs,Gep75CrosCle: 1055 A, and Cs,GeBrs:  10.65A,
Cs,Geg 75CrosBre:  10.85A. The formation energy and
tolerance  factor  criteria  promote  structural and
thermodynamic stability. The computed band gap for
Cs,GeClg is 4.5 eV, Cs,Geq75Crp25Clg is 4.1 eV, Cs,GeBryg is
3.0 eV, and Cs,Geq 75Cr25Brg is 2.5 eV. Cs,Geq75Cr25Clg
and Cs,Geg75Crg25Brg exhibit an indirect band gap. With
25% Cr doping, the total magnetic moments of
CSzGeO_75cr0.25C|e and Cs,Geq.75Crg 25Brg are identical. Hence,
the studied compounds have good prospects for use in
optoelectronics, which includes solar cells. The figure of
merit is calculated to be 0.79 for Cs,Geg 75Crg5Clg and 0.78
for Cs,Geq 75Crg 25Brg, pointing out that these compounds can
be used as thermoelectric materials. It should be emphasized
that the Seebeck coefficient is negative.
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