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The structural, electronic, optical, and thermoelectric properties of the niobium new halide double perovskieNig (X = Cl, Br, 1)

were investigated using a density functional theory method. The generalized gradient approximation (GGA-PBE) method is used to project
the exchange-correlation potential. The tolerance factor and optimizing total energy define the structure’s stability. The magnetic moments
of our compounds are high, more thanu3d. The compounds have direct narrow band gap8.69, 0.46, and0.26 eV, respectively, for
Cs:GeNbCk, Cs:GeNbBg;, and CsGeNbk, as determined by band structure calculations. This is ideal for investigating these compounds
for use in solar cells. In addition, the investigated compounds were investigated in terms of optical absorption, refractive index, and dielectric
constants for energy ran@e- 12 eV, ensuring absorption in infrared, visible, and ultraviolet regions. This was done in order to study optical
characteristics. The investigated compounds are excellent candidates for harvest solar cell applications due to their maximum visible absorp
tion. They are also good candidates for thermoelectric applications due to their Seebeck coefficient, lattice thermal, electric conductivities
and figure of merit (ZT) addressed by Boltzmann theory.

Keywords: New halide double perovskites; optoelectronic properties; solar cells; direct bandgap semiconductors; thermoelectric applica-
tions; density functional theory.
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1. Introduction topic in the face of the world energy crisis. Solar energy

is currently considered a renewable and alternative energy
Undoubtedly, no one is unaware of the great interest that corsource because of its clean, non-polluting nature and low
tinues to hover over the studies of perovskite oxides espesperating costs. Even better, the growth in power conver-
cially since 1993, the year of the discovery of giant magnesion efficiency (PCE) in perovskite-based solar cells contin-
toresistance (GMR) in the applications of thin layers of man-ues to rise according to recent reports, from 3.8 % [26] in
ganese oxides. This is also because of the very wide variet®009 since the first device was launched to nearly 25,7% in
of their properties such as ferroelectricity [1-3], piezoelec-2022 [27-29].

tricity [4, 5], di-electricity [6, 7], semi-metallicity [8-11], an- Several classes of perovskite materials have been inten-
tiferromagnetism [12] coexistence of magnetism and antifersjyely studied, cited, lead-based halide perovskites that have
romagnetism [13] and other properties [14-16]. become excellent semiconductors for a wide range of opto-

If simple perovskite oxides of general formuld303; do  electronic applications, such as photovoltaic in CsB§B0],
not have good semiconductor properties that make them suipnly the presence of lead (Pb) considered as a toxic element
able for photovoltaic (PV) applications, the simpleBC3  in their chemical composition limited their development [31].
general formula perovskites and even better hé3B'Cs  This disadvantage is considered to be one of the main factors
general formula perovskites have attracted massive attentidimiting their marketing. The solution lies in eradicating tox-
due to their unprecedented potential for optoelectronic angtity by substituting the "Pb” element with other non-toxic
thermoelectric applications [17, 21] characterised on the onglements [32]. In this context, several studies on lead-free
hand by a gap, remarkable absorption coefficients, a larggerovskites have been initiated, similar to the one on dou-
number of load carriers and an extraordinary optical effi-ple perovskites RIAGTICIls and CsAgTIClg by Murtazaet
ciency [22,23] and on the other hand by the value of the meritl., [33] in which it reveals high stability and absorption for
factor (ZT) which is the main indicator of thermoelectric per- these materials, only not suitable for photovoltaic applica-
formance [24, 25]. tions for the simple reason is that they possess a wide op-

These Perovskite materials are also being explored itical gap. On the other hand, the synthesis of certain halo-
photovoltaics, which has become a hot and topical researofpenated perovskites such as,B#\gls, CsInAgClg and
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Cs;BiAgBrg [34—36]revealed that these materials are unsuit2. Method of calculations

able for photovoltaic applications due to their wide gaps and ] o )
limited optical characteristics. Ab-initio calculations of niobium new halide double per-

| ies h i th ovskites CsGeNbX; (X = CI, Br, I) have been performed
Several studies have been conducted in the same ,Cont%hhin Density Functional Theory (DFT) implemented in the
but have had the same fate [37-39]. The most promising sQgiactronic structure calculation code Wien2k (0K, 0 Gpa)

lution to the problems raised was probably found in €gi [42] based on the hybrid full-potential L/APWo method
al. [40] after studying a series of double halide perovskites[43]_

without Pb in this case G&eMX; (M =Ti, V, Cr, Mn, Fe, In this method the unit cell is divided into non-

Co, Ni or Cu, X = Cl, Br or | using a DF_T calculathn by overlapping muffin-tin (MT) spheres, inside of which the ba-
modulating the structures of these materials to obtain smallic ¢nctions are expanded in spherical harmonics functions
gaps. Indeed, these materials have been promising in ShoW, § e hasic functions in the interstitial region, outside the
ing non.—toxm.character qnd structurgl ;tabﬂny_, a grgat spin\iT spheres, are plane waves.
;epa_rauon_wnh a very high Tc prc_ad|ct|ng their apphcatlpn The PBE-GGA approximation was used to calculate pre-
in spmtronlcs. These same materials have. been mtenswe[ylse lattice constants, ground state energy and bulk modulus
studied and have proved to be good potential candidates fqf,, ,oh Murnaghan’s equations of states for studied our ma-
photovoltaic applications [41]. terials [44—46]. It was used also to calculate optoelectronic
In the light of the above literature and motivated by theseand magnetic properties.
studies, we explored for the first time by an ab-initio calcula-  To attain excellent convergence, the orbital quantum
tion, the structural, magnetic, optoelectronic and thermoelecaumber! in the atomic sphere waslimited 1Q,,. = 10
tric aspects of the new double perovskite halide@=NbX; for wave function derivation, the values correspondingto the
(X = ClI, Br, 1) to make them suitable for experimental largest vector in charge density Fourier expansion (Gmax)
manufacture of solar cells and possibly adapt them to opand RMTxKmax were set to 12 and 7 respectively, to sepa-
toelectronic applications. It should be recalled that nio-rate core states from valence states, the cut-off energy was
bium is a transition metal with an electronic structure ofset to (-6Ry). Moreover, k—mesh size in the first Bril-
(K)2(L)®(M)*3(N)'2(0)!. It crystalizes in body-centered cu- louin zone was preferred to be 2500 koints equivalent to
bic (bcc), at room temperature, it is solid, the melting pointa 13 x 13 x 13 which releases the maximum energy. The
and the boiling point are respectively 2750 K and 5014 K. Itenergy selected wa&0001 Ry during self-consistency cy-
is a silver-Gray metallic chemical element. The steel indus<les. In this work, we have treated the electronic states of
try makes use of it. Small amounts of niobium are added tcCs (68), Ge (3d%4<4p?), Nb (4d* 58'), CI (3¢ 3p*), Br
alloys with the goal of making them more resistant to corro-(4s> 3d'°4p®) and | (4d°5s°5p°) atoms as configurations
sion and high pressures. As a result, Niobium can be foundf the valence states. Finally, the BoltzTrap code [47]is
in things like rockets, satellites, high-resistance pipes, andsed to compute thermoelectric properties including coeffi-
jet planes. Niobium-containing alloys (Niobium-Titanium or cient of SeebecksS), electrical conductivity(c) and figure
Niobium-Tin) are utilized in the production of superconduct- of Merit (ZT). The lattice thermal conductivity was computed
ing magnets and prosthetics in the medical field. by ShengBTE code [48].

TABLE |. Bond lengths between €sX, Ge— X, Nb— X in ground stable state whe(& = CI, Br, I).

Compound Bond Bond length@) Bond length theo.@) [41]

Ge-Cl 2.54 2.53

Cs,GeNbC Nb-CI 2.75 2.74
Cs-ClI 3.75 3.75

Ge-Cl 2.67 2.66

Cs,GeNbBg Nb-ClI 2.90 2.88
Cs-Cl 3.94 3.92

Ge-Cl 2.86 2.86

Cs,GeNbk Nb-ClI 3.10 3.09
Cs-Cl 4.025 4.21
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FIGURE 1. a) Cubic crystal structure of niobium new halide double perovskite S€NbX; (X = CI, Br, 1) in atomic form. b) Cubic
crystal structure of niobium new halide double perovskites@G&NbXs (X = ClI, Br, I) in atomic form in front view.

3. Results and discussion arranged four GE; and four NbX octahedrons along the
) crystallographic axes with Ge and Nb located at the center
3.1. Structural properties of GeX, and NbX; octahedron. They consist also 8D

The cubic niobium new halide double perovskites network of corner-sharing halide octahedra with alternating
b Ge" and NB'* centers, which are filled with Cs ions at oc-

CsGeNbX; (X q’ Br, 1) system mvestlga_tted here hg; tahedral interstice (Fig. 1). It is also observed that the bond
face-centered cubic group (Fm-3m). To confirm the stability, : . .

o . . length betweenall the atoms is respectively proportional to
of our materials in the cubic structure in the ground state, wi

engaged the tolerance factaf bf Goldschmidt [49]: She size of the halide (Cl, Br, 1) (Table I). Our results agree

with other [41].
t= rcs TIX , (1) The experimental value of lattice parameter reported by
V2 (resfre 4y ) Zeng and al [50] arex = 10.49 A, a = 11.08 Aand
wherercs designates the ionic radii of Cs ang represents a = 11.89 A, for respectively CsGeNbX; (X = Cl, Br, |).
the ionic radii of X =ClI, Br, | while (rge+ mnp)/2 signi-  In Wyckoff coordinates [51], the atomic positions are given

fies the average of ionic radii of the Ge and Nb. The tol-such CsirBc at (0.25, 0.25, 0.25); Ge b at (0, 0, 0); Nbin
erance factors respectively for £@eNbX; (X = Cl, Br, I)  4a at(0.5, 0.5, 0.5), and’ in 24¢ at (0.24, 0, 0).

were found at 0.97, 0.95 and 0.93, values belonging to the The structural parameters are calculated by Murnaghan
rangef0.9, 1] confirming that our compounds indeed have cu-equation of states [52] to obtain equilibrium lattice constant
bic structures. These cubic crystal structures are illustrateds the constant (A), the bulk modulus3 (Gpa), its pressure
via Fig. 1 where the cubic niobium new halide double per-derivative B’ and minimum energy valugg,) with GGA
ovskites CsGeNbX; (X = Cl, Br, 1) consists of alternatively approach. The structural parameters are tabulated in Table II.

TABLE Il. The lattice parameters optimized with GGA fors@=eNbXs (X = Cl, Br, I) in comparison with experimental values.

Compound Config. ad) a(A)theo [41] V(A)? B(GPa) B’ Eo(eV)
Cs,GeNbC} FM 10.60 10.55 2011.08 28.84 4.56 -660409.35
NM 10.51 10.48 1959.24 30.07 4.55 -660408.04
Cs,GeNbBg FM 11.08 11.11 2343.72 24.52 4.69 -1010639.40
NM 11.06 11.04 2282.02 26.13 4.56 -1010638.16
Cs,GeNbk FM 11.93 11.92 2870.16 19.83 4.58 -1747366.93
NM 11.81 11.83 2782.42 22.69 3.62 -1747366.84
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FIGURE 2. Variation of the total energy as a function of the volume for the cubic niobium new halide double perovskiBENDBX; (X =
Cl, Br, 1) in non-magnetic and ferromagnetic states using GGA approximations

It can be seen that the lattice parameters calculated from therbitals Nb-3d because in C§ G&tNb?+ X}~ (X = Cl, Br,
optimization are in agreement with the theoretical data [41])) configuration, only NB* sitesown3d unpaired electrons
moreover their values increase when the radii of the halidevhich participate in octahedron crystal field splitting giving
ions increase from CI to |, contrariwise, a reverse trend warigin to the ferromagnetic character of our compounds.
observed for the case of bulk modulus which shows a de-
creasing value upon changing halide ions. 3.3. Electronic properties

Furthermore, we have calculated the GGA total energies . _ _ _ .
in nonmagnetic and magnetic ordering configurations where? matena_ls various _phy5|cal properties are heavny influ-
from it can be concluded that the magnetic state has beeff’ced by its electronic structures. In order to find smart ma-
taken as reference for its lowest total energy as shown iﬁenals for technological apphcauon;, |t|stherefore necessary
Figs. 2a)-c). to comprehend the structure of spin-polarized band densities

In summary, the studied niobium new halide double per—and spin polarized band structures [53, 54].

ovskite CsGeNbX; (X = ClI, Br, 1) structures are stable and 331 Band structure
can be used for characterization to explore their applications. "™ uctu

Figures 3a)-f) depict the band structures diagram of the nio-
3.2. Magnetic properties bium new halide double perovskites @GeNbX; (X = ClI,
Br, and I) along high-symmetry lines in the cubic Brillouin
Table 1l includes the results of the spin effect of the mag-zone where the energy zero of the band structure diagram has
netic moment of niobium new halide double perovskitesheen taken at the Eermi level.
CsGeNbXs (X = Cl, Br, ) compounds using the GGA ap- In both spin channels (spin-up and spin-dn), The GGA
proximation. method shows via Figs. 3a)-f) that conduction band minima
It summarizes the calculated spin magnetic moments foand valence band maxima are separated by a direct band gap
Cs (u—Cs), Ge [t1—Ge), Nb{z—Nb), (X =CI,Br,l) (u1—X),  type atL point in the Brillouin zone justifying the semicon-
atoms, interstitial region(interst) and cellg-Cell.), respec-  ducting nature of our compounds.lt is essential to know that
tively versus the exchange correlation potential. the direct band gaps guarantee the inter-band transition when
The theoretical results [40] are also presented for comeonsidering applications in optoelectronics and solar cells.
parison. The values of the magnetic moments were around In spin-dn [Figs. 3b), d) and f)], the band gaps for
3 pB/atom for niobium new halide double perovskites Cs,GeNbC}, Cs,GeNbBg and CsGeNbk are found to be
Cs,GeNbXs; (X =Cl, Br, I). 3.14 eV, 2.79 eV, and 2.36 eV, respectively. However, in spin-
It is clear that the origin of magnetism comes from only up [Figs. 3a), ¢) and e)], the band gaps for the same com-
the niobium atom (1.22B/atom), this is mainly due to the pounds are found to be much smaller: 0.73, 0.51, and 0.3 eV,

TaBLE Ill. Results of the magnetic moments (in Bohr magnetadB,) of the CsGeNbXs (X = Cl, Br, I) using the GGA approximation.

Compound Magnetic momentg(z)

uCs uGe uNb u X W interst. w Cell w Cell [40]
Cs,GeNbC}; 0.00074 —0.006 1.22 0.00383 1.7 3.00131 3
Cs,GeNbBg 0.0004 —0.008 1.21 0.00118 1.8 3.0005 3
Cs:GeNbk —0.00002 —0.007 1.60 —0.00152 1.42 3.0012 3
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FIGURE 3. The spin-resolved energy bands of niobium new halide double perovskit€:QbX; (X = Cl, Br, I) via generalized gradient
approximation (GGA): figures a), ¢) and e) represent the spin-up states, figures b), d) and f) represent the spin-dn states, respectively.

respectively. Because of this, their band gaps make them suitluction band narrows as a result of the states being pushed
able materials for thermoelectric and solar cell applications.closer to the Fermi level as anions grow in size. Additionally,

It is obvious that the bandgap shrinks when Cl is replacedhe band structure ensures that the number of states in the
by Br and then by | as long as their electronegativity de-valence band is significantly higher than in the conduction
creases. The gap between the valence band and the cdmand. The states are curved in the conduction band and flat

Rev. Mex. Fis69061001



6 A. LABDELLI, F. BENDAHMA, M. MANA AND N. BENDERDOUCHE

» Cs,GeNbCl, GGA e Cs,GeNbCly GGA
' Cs:d
Ge:p
—— Nb:d
— Cl:p

0,8 -

0,6

0,4+ \
og—h
0,0

Ge-p states

Cs-d states

Nb-d states

Total DOS states/eV/unit celly

Partial DOS states/eV/unit cell)

?
N
v
“l-p states
0,8 n

(
4 3 2 4 Ep 1 2 3 4 5 6
Energy V)

4 Ep 1 2 3 a4 s

Energy V)

o
&

o
=

oy
~—~

Cs,GeNbBr GGA Cs,GeNbBr GGA
2 6 T B [

— Cs:d
— Ge:p
—— Nb:d

Br:p

0.8 ‘
0.6
0.4
Ge-p states

A A
\ ¢ j\f
v

4 WJ‘“}

0,2

0.0

-0,2 4
-0.4 4 Cs-d states
-0.6 1

-0,8

Total DOS (states/eV/unit celly

==

@

Br-p states Nb-d states

—— e e
6 5 4 3 2 4 Ep 1 2 3 a4 5 &

Energy V)

4 Ep 1 2 3 4 5

Energy V)

& Partial DOS (states/eV/unit celly

o
—

. Cs,GeNbI, GGA ., C5,GeNbDI, GGA
—— Cs:d
— Ge:p
—— Nb:d

Ge-p states Ip

0,8

0,6 ]

0.4

o ol PNty

0,4

0,6 ‘

I-p states
0,3 ]
-1,0 T T T

6 5 4 3 =2 a4 EfF 1 2 3 4 &5 &

Energy V)

Cs-d states

b Partial DOS tates/eV/unit celly

Total DOS (states/eV/unit cell)

Nb-d states

@

6 5 4 3 2 4 Ep 1 2 3 4 5
Energy V)

a
~—

FIGURE 4. The total and partial DOSs plots of niobium new halide double perovskiteS&MbXs (X = Cl, Br, I) via generalized gradient
approximation (GGA): figures [a), d)],[b),e)] and [c), f)] represent total and partial Dos g6ENbCE, Cs,GeNbBg and CsGeNbk,
respectively.

in the valence band. Finally, other halide perovskites exhibiinated by halogen Cl/Brip states with a small role from
the same band tuning phenomenon as our compounds [55] Ge—p states in the range of6 to —5 eV. The hybridized or-
bitals of the Nb-d-states, the Gep-states and the CI/Brip
3.3.2. Density of states (DOS) states, which are thought to contribute the majority of the oc-
. ) ) L cupation levels around the Fermi level, are fundamentally re-
Utilizing generalized gradient approximation (GGA), the to- sponsible for the formation of band gaps in these compounds.
tal and partial DOSs plots of the niobium new halide do_ubleAt the same time, orbital contributions from the CI/Bfi
perovskites CgGeNbXs (X = Cl, Br, and 1) are depicted in states most likely populate the core states of the valence band.

Fig. 4 The semi-conducting nature of our C(_)mpound_s Is als_?—inally, we confirm that both spin states exhibit a direct gap
confirmed by these DOS plots. The conduction band is domi:

. around the Fermi level.So, our materials are suitable for pho-
nated by theVb — d state and a mixture of Gep, Cs—d, and . o
) X tovoltaic applications.
halogen CI/Br/+p, while the wide valence bands are dom-

Rev. Mex. Fis69061001
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FIGURE 5. The computed optical parameters of niobium new halide double perovskit€e@bX; (X = Cl, Br, and 1) calculated with
GGA: a) real part of dielectric functios, (w), b) imaginary part of dielectric functios (w), c) absorption coefficient(w), d) reflectivity
R(w) and e) refractive index(w).

3.4. Optical properties For CsGeNbC}, Cs,GeNbBg, and CsGeNbk, the real
part's static dielectric constant yields values of 3.80L6,

In order to determine the efficiency of photovoltaic devicesand 5.68, respectively. According to Penn’s relation [61],

and investigate their suitability for solar applications, re-these static values have an inverse relationship with band

search into optical spectroscopy analysis [56,57] is crucialgaps of 0.73 eV, 0.51 eV, and 0.3 eV, respectively. In ad-

Our niobium new halide double perovskites,GeNbX;  dition, the graph demonstrates thatw), initially exhibited

(X = CI, Br and I) have a greater potential for optoelec- peaks of polarized lights at71 eV, 2.38 eV, and1.99 eV for

tronic and solar cell applications due to their direct smallCs,GeNbC};, Cs,GeNbBg, and CsGeNbk, respectively,

band gaps [58] where energy absorption maximum incidenbefore beginning to decrease. The resonance frequency is

occurs in this region. clearly fully polarized in a direction perpendicular to the elec-

The computed optical parameters of the niobium newtric field of the incident light from the peak intensities. More-
halide double perovskites gSeNbX; (X = CI, Br, and I)  over, after a cation replacement fratfi to I passing through
using GGA along the:x axes are depicted in Fig. 5. These Br, it moves toward lower photon energy. In addition, the
optical parameters include real part of dielectric functionpeaks began to decrease to a minimum value over the reso-
e1(w), imaginary part of dielectric functios,(w), absorp- nance, but they remained positive for all of the compounds
tion coefficienta(w), reflectivity R(w) and refractive index we studied, indicating that these materials remained polar-
n(w). ized and exhibited semiconducting behavior.

The complex dielectric function(w) is regarded as the - Figure 5b) of the niobium new halide double perovskites
most significant measurable optical quantity because all th€sGeNbX; (X = CI, Br, and I) shows the imaginary
other optical constants are derived from it. It is given by thesegment of the dielectric constant;{w)” that represents
relation: the absorption of light. The optical gaps of Ge=NbC},

(W) = e1(w) + iea(w), ) CszengB% and CsGeNbk are represer_lted by threshold
energies 00.69, 0.46, and0.26 eV, respectively. These val-
wheree, (w) represents the real amg{w) the imaginary parts ~ ues are consistent with band gaps calculated from band struc-
[59, 60]. Calculations of the electronic dielectric function ture, ensuring the accuracy of theoretical band structure and
spectra (Fig. 5) are carried out for energy radiation above theptical analysis calculations made with GGA.
Fermi level in the range dof — 12 eV. Cs,GeNbC}, Cs,GeNbBg and CgGeNbk exhibit dis-

- The real part of the dielectric function (w) [Fig. 5a)]  tinct prominent peaks3.00,3.81 and 5.35) at energies of

explains widely the electronic polarizability of a compound 3-20 €V, 2.74 eV, and 2.20 eV, respectively, for the inves-

as a response to electromagnetic wave interactions. tigated compound G&eNbXs (X = Cl, Br, and I). Direct
electron transfer from valence band states to conduction band
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TABLE IV. The absorption bands of light for @&eNbXs (X = Cl, Br, I).

Ultraviolets Visible
Compound
Range 1[A (nm)] Range 2[A (nm)] Range 3[\ (nm)]
Cs,GeNbCk 200 — 257 310 — 400 400 — 500
Cs:GeNbBg 200 — 300 343 — 400 400 — 600
Cs,GeNbk 200 — 230 293 — 400 400 — 750
states is what causes these peaks. For th&€NbX; (X = for Cs,GeNbC}, Cs,GeNbByg, and CsGeNbk were found

Cl, Br, and I) compound under investigation, the shifting ofto be 1.76, 1.98 and2.25. They were the same values that
absorption bands towards lower energy from visible to in-were taken from Fig. 5a). Additionally, the maximum values
frared region is because of replacement of Cl with Br andof n(w) for Cs;GeNbC}, Cs,GeNbBg, and CsGeNbk at
I. This is consistent with the pattern that was observed foenergies above the zero-frequency value are 2.8248teV,
the TDOS, where a smaller bandgap was observed when 2.26 at2.45 eV, and2.66 at 1.98 eV, respectively. The(w)
switched from Cl to Br and I. The studied materials, on thewas moved to higher intensity and lower energy when Cl was
other hand, have the majority of their absorption in the visiblereplaced by Br and I. Solar cells are better suited toihe)
and ultraviolet regions [Fig. 5b)] making them excellent ma-range ofl .4 to 3.87.
terials for solar cells and optoelectronic devices [Table IV].

-The performance of solar energy conversion by solaB,5. Thermoelectric performances
cells is dynamically determined by the optical absorption co-
efficient, which is dependent on the material’s ability to har-The direct conversion of heat into electricity (Seebeck ef-
vest light. The studied G&eNbXs; (X = Cl, Br, and ) com-  fect), electricity into heat (Peltier effect), or conductor heat-
pounds’ absorption coefficients(w) are shown in Figs. 5¢) ing/cooling (Thomson effect) is known as thermoelectricity.
and ¢’) and reveal that they do not absorb light below the bandt is also referred to as the Peltier-Seebeck effect. The po-
gap values due to the collision between electrons and phdential gradient, lattice vibration, and the carriers in the mate-
tons. When halide ions switched from Cl to Br and |, respec+ial’s structure all play a role in the thermoelectricity proper-
tively, a(w) splits in various values and began shifting to- ties. The thermoelectric properties of the niobium new halide
ward lower energy. The semiconducting nature of the invesdouble perovskites G&eNbXs (X = Cl, Br, and [) at tem-
tigated compounds is demonstrated by the linearly increasingeratures'(K) and chemical potential (eV) were calculated
trend in absorption after passing limiting energy. The absorpusing the BoltzTraP code [47].
tion bands of the imaginary segment of the dielectric constant We have characterized our studied compounds for their
€2(w) anda(w) are consistent. thermoelectric performance from figure of merit (ZT) as

-Light reflection, denoted by?(w) in Fig. 5d), can be given by ZT = (05?%/xT) [64-66] wherer denotes elec-
used to investigate the computed materials’ surface morphotrons thermal conductivitys Seebeck coefficient; indicate
ogy. CsGeNbCk, Cs,GeNbBg, and CsGeNbk's R(w) the electrical conductivity and’ is the kelvin temperature.
values at zero photon energy were approximately 0.07d} has been discovered that the band gaps and electronic be-
0.108, and 0.147, respectively. R(w) for Cs,GeNbC}, havior have a significant impact on the thermoelectric prop-
Cs,GeNbBg, and CsGeNbk reaches maximum values of erties, and the trends are investigated in relation to increasing
0.16 at3.06 eV, 0.19 at2.69 eV, and0.25 at2.21 eV as photon temperatures between 200 and 600 K. The thermoelectric ap-
energy increases. These materials’ low and high reflectivitplications of the narrow band gap materials are thought to
values demonstrate that they absorb a lot of electromagnetlze promising. Electrons easily move from valence to con-
energy in the low energy range. As a result, we can say thatuction bands in semiconductors with a narrow band gap,
Cs,GeNbXs; (X = CI, Br, and |) is a best material for pho- which improves electrical conductivity and decreases thermal
tovoltaic and optoelectronic applications like LEDs and solarconductivity. Figures 6a)-d) depicts the Seebeck coefficient
cells. (9), electrical conductivityc), thermal conductivityx) and

- Figure 5e) depicts the refractive index valueGv), the thermoelectric efficiency (ZT) of the niobium new halide
which provide estimates of the material’s density and lightdouble perovskites G&eNbX; (X = Cl, Br, and I).
speed dependence. Using [Fig. 5e)], it stands to reason that - Figure 6a) shows the calculated Seebeck coefficient
n(w) ande; (w) [Fig. 5a)] display a dispersion curve that is S, which indicates the potential difference between two
very similar, demonstrating that the spectra that correspond tmetal connections over a temperature gradisit With p-
the refractive index are very similar to the spectra of the reatype behavior, it gradually decreases frém8s, 0.18, and
segment of the dielectric constant. From these spectra, w&20 mV/K to 0.14, 0.15 and0.16 mV/K for Cs,GeNbX;,
can calculate the static refractive index by using the equatio€s,GeNbBg, and CsGeNbk, respectively, over a broad
n(0) = [1(0)]'/2 [62,63]. The static refractive index values temperature range of 200 to 600 K. Itis important to note
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FIGURE 6. The temperature dependence of the calculated a) Seebeck coeffijeh) electrical conductivity over relaxation tinte /7),
c) thermal conductivityx) and d) the thermoelectric efficiency (ZT) of the niobium new halide double perovskit€zeGkXs (X = Cl, Br,
and I).

that the Seebeck coefficientS for Cs,GeNbCl,  potential applications of the investigated materials for solar
Cs,GeNbBg, and CsGeNbk was found to be).17, 0.18, cells [67].

and 0.19 mV/K at room temperature, respectively. These - For the accurate and complete judgement of perfor-
values indicate that S increases whghis replaced by Br mance of thermoelectric devices, ZT values are presented in
and then by . Fig. 6d) for T. When ZT is plotted in the temperature range

- Figure 6b), the electrical conductivity) against tem- of 200 — 600 K, ZT rises from0.70 and0.69 to 0.76 and0.75

perature was shown to increase with temperature. This raisd8’ C$:GeNbCh and CsGeNbBg, respectively. At room

the electron conduction of the studied compounds, possibljgmperature, the studied £3eNbk has a ZT of0.72. Due

as a result of bond breaking and the high kinetic energy of° these propemes_, our studied compounds are suitable for
electrons. This also indicates the existence of an energy gdfermoelectric applications.

close to the Fermi level. A00 K, the electrical conductivity
(o) values of CsGeNbC}, Cs,GeNbBg, and CsGeNbk
reach their highest values df02, 1.10, and 1.13 x 10°
Q~'m~! at600 K when the minimum values werefound 10 The Wien2k package’s ab-initio full potential linear aug-
be0.54, 0.55 and0.46 x 10° Q_lm_l_at 200K, respectively. mented plane wave (FP-LAPW) method was used to cal-
This outcome is extremely satisfying; As a result, we cangyate structural, magnetic, electronic, optical, and thermo-
speculate that the computed materials represent a promisingectric properties of the niobium new halide double per-
candidate for applications in thermoelectric technology. ovskites CsGeNbX (X = CI, Br, and I). In the frame-

- Figure 6c) shows the calculated thermal conductivitywork of Perdew-Burke-Ernzerh (PBE), the generalized gra-
() for CsaGeNbXg (X = Cl, Br, and 1) as a function of dient approximation (GGA) was utilized to handle the ex-
T(K). For CsGeNbC}, Cs,GeNbBg, and CsGeNbk, change correlation potential. The thermoelectric properties
the () rises from 0.52, 0.52, and 0.52 W/mK at 50 K to were also calculated using the BoltzTrap code.

1.71, 2.12, and 3.00 W/mK at 600 K, respectively. However, The tolerance factor of Goldschmidt confirmed that
the fact that thex) is 105 times smaller than highlights the the investigated compounds stabilize in a cubic struc-

4. Conclusion
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ture.Moreover, they were found to be ferromagnetic and havexcellent materials for solar cells and optoelectronic devices.
high magnetic moments of more/d. The band structure These materials are also suitable for thermoelectric appli-

and DOS revealed that gseNbX; (X' = Cl, Br, and 1) has . cations due to their high ZT values in the temperature range

a sem_iconducting t_)ehavior with a narrow direct band gap bt 200-600 K and their high electrical conductivity despite
the spin up state with values of 0.69, 0.46, and 0.26 eV. As heir low thermal conductivity.

result, these materials are suitable for use in optoelectronics
and solar cells. As a result, the experimental community will benefit

The investigated materials have the highest absorptiofireatly from.the aforementioned the niobium new _haIide dou-
rates of both visible and ultraviolet light. In addition, when ble perovskites G&eNbXs (X = Cl, Br, and 1)’ findings re-
BrandI were used in place of Cl, their refractive indefw) garding their potential to boost the solar cells and thermo-
increased to a higher value at a lower energy, making therilectric generators industries.
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