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FrYBi (Y = Ca, Sr, Ba) Semiconductors for Visible-Light Harvesting: A
multifunctional platform for energy conversion and optoelectronic applications
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This study presents a comprehensive first-principles investigation of the structural, electronic, optical, elastic, and thermoelectric properties
of the novel half-Heusler compounds FrYBi (Y = Ca, Sr, Ba). Employing density functional theory (DFT) with both the GGA-PBE and mBJ-
GGA approximations, we determine that these compounds crystallise in the cubic Clb structure and exhibit indirect band gaps ranging from
0.97 to 1.35 eV, confirming their semiconducting nature. Detailed optical analyses reveal high absorption coefficients, pronounced reflectivity,
and favourable dielectric responses within the visible spectrum, indicating potential for optoelectronic applications. Calculations of the elastic
properties demonstrate that all compounds are mechanically stable and exhibit ductile behaviour. Thermoelectric analysis indicates high
Seebeck coefficients alongside good electrical conductivity, particularly at low to moderate temperatures, suggesting promising performance
for energy conversion applications. These findings position FrYBi alloys as compelling candidates for next-generation thermoelectric and
optoelectronic devices.
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1. Introduction possesses higher electron counts than X, leading to un-

conventional magnetic behaviour [11, 12].
Heusler compounds constitute a technologically important N )
family of materials with diverse functionalities ranging from 3. Quaternary Heusler alloys (exemplified by LiMgPdSh-

spintronics and thermoelectric to optoelectronics. They was ~ tYPe compounds) [13,14].

discovered for the first time by Ederique Heusler [1]. 4. Half-Heusler alloys (XYZ), conceptually divisible into
This alloy, with the formula CsMnAl [2-4], had an un- covalent and ionic components. Here, cationic atoms
known crystal structure for sgverql years un'Fll 1934 when X and Y (transition metals or rare earths) and an-
E_Sradley and Rodgers determined its well-defined organisa- ionic atom Z (main-group elements like Ge, Sn, or
tion at room temperature through X-ray analyses [5,6]. Sub-  gp) form compounds such as LiAISi, ZrNiSn, and Lu-
sequently, in 1983, Groot and co-workers identified the com- AuSn [15-18].

pound NiMnSb as the first half-metallic material through o )
electronic structure studies [7]. Half-HeusIer alloys crystallise in a non-centrosymmetric

Heusler alloys are categorised into four groups based ofUPIC structure (space grougdm, No. 216) known as the

chemical composition [8]: Cl, phase [19]. This configuration originates from the tetra-
hedral arrangement of ZnS-type structures, where atoms oc-
1. Full Heusler alloys (%YZ), where X and Y are tran- cupy octahedral lattice sites. The structure comprises three
sition metals and Z is a group IlI, IV, or V element. interpenetrating face-centred cubic sublattices, with atoms X,
These crystallise in a face-centred cubic structure, exY, and Z occupying Wyckoff positions 4a (0, 0, 0), 4b (1/2,
hibiting remarkable magnetic properties [9, 10]. 1/2, 1/2), and 4c (1/4, 1/4, 1/4), respectively [20, 21]. While
classical half-Heuslerg(g, NiMnSb, ZrNiSn) exhibit metal-
2. Inverse Heusler alloys, characterised by distinct atomidic or half-metallic behaviour governed by d-state hybridisa-
arrangements where Y atoms occupy X sites and tion, emerging systems composed of elements such as Li, Na,
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K, Ca, Sr, and Ba display qualitatively different electronic mance [42,43]. These considerations position the FrYBi se-
behaviour due to their s- and p-electron dominated bondingies as promising candidates for multifunctional energy appli-
networks. Recent publications [22—24] have demonstratedations. Their tunable semiconducting nature positions them
that alkali-metal-based Heuslers can exhibit large band gapas promising candidates for transparent conductive materials
high optical absorption, and promising thermoelectric transand optoelectronic systems. Cost-effective photovoltaic stud-
port [25, 26]. ies in regions like Saudi Arabia [44] underscore the urgent

These materials constitute an extensive family with sig-need for scalable materials with optimal visible-light absorp-
nificant technological potential. A key characteristic is theirtion, as demonstrated by FrYBi compounds.
tunable band gap (0—4 eV), governed by electrostatic interac-
tions among constituent atoms [27, 28].

Recent years have witnessed the emergence of a novg|
group of Heusler compounds incorporating elements beyond
the conventional transition metal framework [29-33], distin-Half-Heusler alloys with stoichiometric composition XYZ
guishing them structurally and electronically from traditional (1:1:1 ratio) crystallise in a face-centred cubic (fcc) struc-
Heusler compounds. Comprising alkali and alkaline-earthture, belonging to space group F-43m (No. 216). The atomic
metals, these materials exhibit distinctive properties arising\Vyckoff positions are 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c
from their ionic bonding nature and unique valence electror(1/4, 1/4, 1/4). Three distinct atomic arrangements are pos-
configurations. This behaviour contrasts with the predomisible for half-Heusler compounds based on these positions,
nantly covalent or metallic bonding observed in conventionabs detailed in Table I. This work investigates the structural,
transition-metal-based Heusler systems. Owing to their diseptoelectronic, elastic, and thermoelectric properties of the
tinctive composition involving alkali and alkaline-earth ele- FrYBi series (Y = Ca, Sr, Ba).
ments, these compounds show considerable promise for in- - A|l calculations were performed using the WIEN2k code,
novative structural, electronic, and thermoelectric applicawhich implements density functional theory (DFT) via the
tions [34]. full-potential linearised augmented plane wave (FP-LAPW)

Their semiconducting behaviour is primarily governed bymethod. The exchange-correlation functional was treated
the number of valence electrons, which can be deliberatelyith the generalised gradient approximation (GGA-PBE) of
modified to achieve a broad range of band gap values. Thiperdew, Burke, and Ernzerhof, supplemented by the modi-
tunability enhances their suitability for thermoelectric andfied Becke-Johnson potential (mBJ-GGA) for band structure
photovoltaic technologies [35-37]. Recett initio studies  accuracy.
on energy storage materials, such as LiRyPd@&monstrate Within this framework:
the critical role of DFT in predicting electronic properties for
tailored band gaps, further validating our computational ap-

Computational details

e Basis functions, electronic densities, and potentials are

proach. Forty-two years ago, Groettal. identified in their
analysis of NiMnSb an energy gap at the Fermi level for mi-
nority spin states, while majority spin states exhibited metal-
lic character. This spin-asymmetric electronic structure led
to the formulation of the term “half-metal” [38, 39]. Sub-
sequent investigations have identified numerous half-Heusler

compounds as half-metals, and contemporary research sug-

gests this emerging group may also display semi-metallic
or semiconducting behaviour with tunable electronic prop-
erties [40,41].

Although several studies have examined Li-, Na-, and
Mg-based half-Heuslers, no prior work has reported struc-
tural, electronic, optical, or thermoelectric properties of
FrYBi compounds. Their potential as visible-light semicon-
ductors and ductile thermoelectric also remains unexplored.
The present work fills this gap by: (i) Establishing the struc-
tural and thermodynamic stability of FrYBi (Y = Ca, Sr, Ba),
(i) Investigating their electronic band structures and optical

expanded in spherical harmonics inside atomic spheres
and as Fourier series in interstitial regions.

The convergence paramet@f;r - K..x Was setto 8,
whereR ), is the smallest muffin-tin radius add,, ..«
is the maximum reciprocal lattice vector magnitude.

Additional parameters includ@,,., = 14 a.u ! and
an energy threshold of7.0 Ry separating core and
valence states.

Brillouin zone integration employed Bt x 14 x 14
k-mesh (3000 k-points in the irreducible wedge).

Self-consistent cycles terminated when total energy
convergence fell below0 =5 Ry.

transitions, (iii) Providing detailed analyses of mechanical The robust predictive capability of DFT for Heusler al-
stability and bonding-driven anisotropy, (iv) Evaluating ther-loys is well-established. Prior studies have demonstrated
moelectric parameters, including Seebeck coefficient, elecstrong agreement between DFT predictions and experimental
tronic conductivity, and the figure of merit. The choice of structural and electronic properties [45,46]. These works val-
FrYBi is supported by recent findings showing alkaline-earthidate the reliability of the computational methods employed
substitutions can strongly modulate thermoelectric perforhere.
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3. Results and discussions 3.2. Electronic properties

3.1. Structural properties and formation Energy We computed the electronic band structures of FrYBi (Y =

Ca, Sr, Ba) along high-symmetry paths in the first Brillouin

We first compute the structural characteristics and l‘ormatior}One using both GGA-PBE and mBJ-GGA approximations
energies for FryBi (Y = Ca, Sr, Ba). These compounds cryS-pg regyits are presented in Fig. 2. These figures indicate

tallise in the G} structure (space group F-43m, No. 216). To an indirect band gap between the valence band maximum

determine the stable phase, we optimise the total energy as y - nduction band minimum along thelXdirection, with
function of unit cell volume and fitted the resulting curves US- 1 BJ-GGA values of 0.98 eV (FrCaBli), 0.97 eV (FrS;Bi) and
ing the Murnaghan equation of state (EOS) [47], with results; 5¢ ./ (FrBaBi) ' T '

presented in Fig. 1. The density of states (DOS) provides essential insight

Bo Vo By into material properties by identifying orbital contributions to

E(V)=Eo,+ BB —1) 14 (V) -V charge and thermal transport, along with electron energy dis-
00 tributions. Our DOS calculations employed the mBJ-GGA

N @(V ) (1) approximation. Figure 3 displays the total (TDOS) and par-
B, 0/5 tial (PDOS) density of states for FrYBi compounds within

the energy range [1, 3.5] eV. Within the valence band, the
dominant contribution originates from Bi p-orbitals, with mi-
nor contributions from Fr p-orbitals and Y d-orbitals. In the
conduction band, Y d-orbitals (Y = Ca, Sr, Ba) provide the

where B, denotes the bulk moduludg), its first derivative,
Ey the equilibrium energy, antl the equilibrium volume.
The volume-pressure relationship is given by:

By P —1/By principal contribution, while other orbital contributions re-
V=0 [1 + Bo } (2)  main negligible.
The bulk modulus is defined as: ) )
92E 3.3. Optical properties
B=V_—. 3)
o The dielectric function comprises read;{ and imaginary

To further justify the selection of the Type-1 atomic con- (¢,) components, expressed as:
figuration as the most stable structure, we carried out a
complete structural optimisation for all three possible half- e(w) = 1 (w) + dez(w). 4)
Heusler arrangements (Type-1, Type-2, and Type-3) as pre-
sented in Table II. For each compound in the FrYBi seriesrigure 4a) illustrates variations in the real part of the dielec-
(Y = Ca, Sr, Ba), the Type-1 configuration systematically ex-tric functione, (w) for FrYBi (Y = Ca, Sr, Ba). The response
hibited the lowest total energy and most negative formatiorexhibits three distinct regions:
energy, confirming its thermodynamic preference. This ener-
getic behaviour is consistent with the chemical environment e At zero frequencys; (0) values are 7.06 (FrCaBi), 6.71
established by the Type-1 arrangement, where the highly (FrSrBi), and 6.59 (FrBaBi).
electropositive Fr atom occupies the 4a site, the alkaline-
earth element (Ca/Sr/Ba) resides at 4b, and the more elec- e In the visible spectrumg;(w) ascends to maxima
tronegative Bi atom is positioned at 4c. Such an arrange- of 11.895 (FrCaBi), 12.145 (FrSrBi), and 11.602
ment promotes stronger Y-Bi bonding and minimises electro- (FrBaBi), followed by sharp attenuation with increas-
static repulsion, yielding a more compact and energetically ing energy.
favourable structure.

Calculated equilibrium parameters including volume, lat- e Within the UV spectrumg; (w) displays oscillatory

tice parameter, bulk modulus, its pressure derivative, equilib- behaviour, attaining negative values at specific ener-
rium energy, and formation energy, are summarised in Ta- gies (Table 1lI), signifying electromagnetic wave re-
ble Il. The results confirm that FrYBi compounds exhibit flection. Beyond~ 7.5 eV, ¢;(w) becomes positive
greatest stability in the Type 1 configuration, with lattice and increases gradually with energy.

parameters of 8.4918 (FrCaBi), 8.6752A (FrSrBi), and

8.8360A (FrBaBi). Table Il further reveals negative forma- Figure 4b) illustrates the energy-dependent behaviour of

tion energies for the most stable FrYBi configurations. Thisthe imaginary dielectric functions(w) for FrYBi (Y = Ca,
signifies exothermic compound formation from constituentSr, Ba). Initially, e (w) remains negligible across low ener-
elements, indicating thermodynamic stability relative to iso-gies, confirming the absence of optical absorption below the
lated atoms. Such energetically favourable formation im-band gap. A sharp increase onset occurs at energies corre-
plies spontaneous synthesis under appropriate conditions asgonding to each compound’s band gap, signifying interband
structural robustness, highlighting their potential for ther-electronic transitions. The response rises steeply to visible-
mally stable applications. spectrum maxima of 12.676 (FrCaBi), 13.957 (FrSrBi), and
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11.582 (FrBaBi), followed by pronounced oscillatory attenu-critical insights into plasmonic behaviour and dielectric re-

ation toward minima in the ultraviolet (UV) region. This be- sponses. This function is directly related to the complex di-

haviour reflects characteristic dispersion in semiconductorslectric function and is defined as:

under high-energy photon absorption.
Figure 4c) presents photon-energy-dependent absorption L(w) = %7

coefficients(w) for FrYBi. The absorption onset aligns pre- e1(w) +e3(w)

cisely with each compound’s band gap energy, indicating in- . . i

terband transition thresholds. Beyond this threshel@d,) wheree; («w) and.EQ(w) 'denote.the real anq Imaginary com

) ) L - . onents of the dielectric function, respectively.

increases rapidly, peaking in the visible region at 5849.GEP Figure 5b) illustrates the photon-energy-dependent

cm " (FrSrBi), 5193.72 cm' (FrCaBi), and 4890.61 cmi nerlgl-jloss functliol:1 for FrYBi (Y —pCa Sr Ba)g)lln thF:e low-

(FrBaBi). Subsequent oscillatory decreases occur as photo% gy . TS = me -

energy regime( — 2 eV), energy loss remains negligible

energies extend into the UV region, revealing complex high- oo 7 : )
o : for all compounds, indicating minimal electron interactions
energy transition dynamics.

Optical conductivity characterises electronic response%?edagé%hog;ﬂz?;recv?% rii ?rfweirc:oi i\rféfnercggrrlgzsc;?];jin
to electromagnetic radiation, providing critical insights into y 9p gy, P 9

band structure and charge carrier dynamics. This paramet aiﬂhcinrﬁegueriztfézr;ﬁeix:';?;?:; aggkpﬁfr:?:?ﬁ?sﬁzza\gogfﬁ
intrinsically links to optical constants including the dielectric P P g€,

. . . g ter which the function decreases gradually with further en-
function, absorption coefficient, and refractive index. Theer increase. This behaviour sugaests strong interband tran-
real component; (w) is expressed as [48]: gy i 99 9

sitions and highlights the dynamic electronic response in the

w (5) mid-energy region.

27 The complex refractive index characterises light-matter
Figure 4d) illustrates the photon-energy-dependent Opi.nteractions and relates direCtIy to the dielectric function. It

tical conductivity o(w) of FrYBi (Y = Ca, Sr, Ba). This comprises two components: the real part (refractive indgx,

trend corresponds closely to the absorption coefficient beand the imaginary part (extinction coefficier), This rela-

haviour: o(w) remains negligible at low energies, rising tionship is expressed as [50, 51]:

sharply at each compound’s band gap energy. It increases

rapidly to visible-region maxima df.26 x 1015 s~! (FrSrBi), N(w) = n(w) + ik(w). ©)

4.67 x 10*® s~! (FrCaBi), andt.39 x 10*° s~! (FrBaBi). Be- o _

yond these peaks;(w) decreases gradually with oscillatory ~ 1he complex refractive index components are derived

behaviour as photon energies extend into the ultraviolet (Uvjrom the dielectric function as follows. The frequency-

range, characteristic of high-energy interband transitions. dependent refractive index is given by
Reflectivity characterises light-matter interactions by 1 s

probing electronic structure, providing critical insights into n(w) = — {(5%@)) + £3(w)) / +e1(w)

band gaps, electronic transitions, and electromagnetic radi- V2

ation r.eflectiop. This paramet_er is particullarly relevant forthe static refractive index( = 0) relates directly to the

reflective coatings, photovoltaics, and optical sensors. Restatic dielectric constant:

flectivity R(w) is defined as [49]:

@)

o(w) = a(w)n(w)

]1/27 (9)

B = v i

(6)
The imaginary part of the complex refractive index is given
wheren is the refractive index an& the extinction coeffi-  bY:
cient.
Figure 5a) presents photon-energy-dependent reflectiv-  k(w) = — [(
ity for FrYBi (Y = Ca, Sr, Ba). Initial reflectivity values V2
at low energy are 20.55% (FrCaBi), 19.31% (FrSrBi), and Figure 5c) depicts the photon-energy dependence of the

19.62% (FrBaBi). Reflectivity increases sharply with pho- refractive index for half-Heusler compounds FrYBi (Y = Ca,

ton energy, peaking in the visible spectrum at 42.85% (Fr+ . L '
CaBi), 44.59% (FrSrBi), and 40.00% (FrBaBi). Beyond Sr, Ba). The static refractive index values are 2.658 (FrCaBi),

; e . . 2.567 (FrSrBi), and 2.590 (FrBaBi). With increasing photon
these maxima, reflectivity decreases oscillatory into the ul ( ) ( ) gp

traviolet (UV) range. Notably, FrBaBi exhibits a secondaryenergy'n(w) rises to visible-spectrum maxima at:
peak of 43.74% at- 5.35 eV. Prominent features between 2— 4 3 61 (FrCaBi, 472 nm, blue region).
7 eV signify strong photon-electron interactions and potential
interband transitions. e 3.65 (FrSrBi, 440 nm, violet region).
The energy loss function characterises a material’s capac-
ity to dissipate energy from fast-moving electrons, offering e 3.58 (FrBaBi, 515 nm, green region).

S +8w) —aw] A
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Beyond these peaks,(w) gradually decreases with higher half-Heusler compounds under study, the elastic constants
energy, exhibiting weak oscillatory behaviour in the ultra-must satisfy specific mechanical stability criteria to ensure
violet (UV) regime. This trend reflects the material’'s dis- structural integrity under external stress [55]:
persive optical response and interband electronic transitions. C C
. . — >0, Cy1>0, Cy >0,
Figure 5d) illustrates the photon-energy dependence of the 1 12 H 44
extinction coefficientk(w) for FrYBi (Y = Ca, Sr, Ba). Ci1+2C12 >0 and Ci2 < B < Cqy. (12)
;ths pﬁra?etert_quanuges e{t[[ecfcromagnetlc wave _zj{\rt]ter;]uatlon The bulk modulug3 (compressibility factor) is calculated
rougn absorption and scat e_rmg.w) INcréases With pno-  ,om elastic constants using [56]:
ton energy, peaking in the visible spectrum before gradually o c
decreasing with mild oscillations into the ultraviolet (UV) B= %212
range. _ ) o )
Comparative analysis with Figs. 4b) and 4c) reveals close  Crystal anisotropy, a vital characteristic for assessing
alignment between the peak positionskdis), optical con- struptural fault;eé.g, microcracks) during crystal growth, is
ductivity, and the imaginary dielectric function. This con- defined for cubic systems as [57, 58]:

(13)

sistency underscores their intrinsic relationship, governed A— 2C (14)
by interband electronic transitions and dielectric responses. Cn—Cia
Such correlation validates the calculated optical properties The shear modulug?, characterising the shear stress-
and their coherence with fundamental optical theory. strain relationship in elastic materials, is given by [59]:

The FrYBi compounds exhibit distinctive optical charac- C1 — Cha + 3Cu
teristics characterised by significant peaks in reflectivity, ab- G= 5 . (15)
sorption coefficient, and dielectric functions acrossl0 eV. Young's modulusE, quantifying material stifiness, is ex-
Prominent features within the visible spectrum+{ 3.2 eV) pressed as: ' '
indicate small energy gaps and effective visible-light absorp- '
tion. All three compounds demonstrate analogous optical be- 9BG (16)

haviour with intensity variations, rendering them promising 3B+G
candidates for solar cells, photodetectors, and visible-light ~Poisson’s ratio/, indicating the expansion of a material
optical devices. Comparative studies on efficiency enhancdn directions perpendicular to the direction of compression, is
ment, such as Usmaat al. work on engineered coatings [54], defined as:

highlight the importance of material-surface interactions in 3B —2G (17)

maximizing light absorption for photovoltaic systems. Y= 2(3B+G)’

The optical response of FrYBi is strongly influenced by  Table IV summarises the elastic properties of half-
atomic size, electronegativity, and bonding characteristicSHeusler compounds FrYBi (Y = Ca, Ba, Sr). All compounds
The following insights clarify the physical origins: exhibit relatively low bulk and shear moduli, indicating soft

e FrCaBi shows the highest dielectric constant due toand ductile ?hargcterlstlcs. Thig/ G ratio (1'69 _.1'90) ex-

stronger ionic—covalent bonding. ceeds P_L_lgh S c_rltlcal valu_e of 1.75 [60], confirming n_1e(_:han|-
cal ductility. Poisson'’s ratio = 0.253 — 0.277) falls within
e FrSrBi exhibits the highest absorption coefficient, the metallic range [61], indicating elastic deformability and
likely driven by optimal orbital overlap between Sr-d fracture resistance. The anisotropy factor reveals FrBaBi as
and Bi-p states. most anisotropic4 = 1.11) and FrSrBi as least anisotropic

) ) ) (A = 0.864), suggesting enhanced isotropic behaviour and
e FrBaBi shows slightly reduced absorption becausesiyciural stability for the latter.

Ba’s larger radius weakens interband transition prob- Compared to similar half-Heusler compounds (Sc-

ability. NiSb, LaPtSh, LiMgBi) with analogous elastic proper-
These differences reflect systematic variations in chargeli€S [62], FrYBi compounds are promising for thermoelec-
transfer strength and electronic hybridisation. tric/mechanical applications requiring low stiffness and duc-
tility. The mechanical data indicate ductile, soft, and moder-
3.4. Mechanical properties ately anisotropic behaviour, structurally comparable to estab-

lished ductile systems like YMnSb and LiMgBi [63]. Elas-
Analysis of elastic and mechanical properties enables th@c constants satisfy cubic Born criteria. However, the DFT-
assessment of material suitability for applications. Tocalculated elastic constants typically carry uncertainties of
evaluate mechanical stability, the three independent elastic 5 — 10% due to numerical convergence. This margin was
constants—€'1, C4,, andCyy—must be determined. These considered when assessing mechanical stability. Anisotropy
constants are essential for calculating key parameters, incluéhcreases from Sk~ Ca — Ba due to changes in Y-Bi
ing the bulk modulus, Young’s modulu&’}, shear modulus bond stiffness. Ba, having the largest ionic radius, produces
(@), and Poisson’s ratia/), thereby facilitating comprehen- weaker directional bonding, resulting in more anisotropic
sive material characterisation. For cubic crystals, such as th&hear response.
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3.5. Thermoelectric properties These enhanced mBJ-GGAT" values result from synergis-

tic improvements in the Seebeck coefficient, electrical con-
Addressing the growing demand for sustainable energyjyctivity, and reduced thermal conductivity. This confirms
necessitates exploring thermoelectric alternatives [64, 65khat electronic structure refinement via the mBJ potential sig-
These materia|S enable direCt ConVEI’SiOﬂ Of thermal energbﬁficanﬂy boosts thermoe'ectric performance_
into electricity [66, 67], with Heusler alloys emerging as FrYBi compounds thus show promise for high-
promising candidates due to their diverse properties. Matepmperature waste heat recovery and spintronic applications.
rial efficacy is quantified by the dimensionless figure of meritgther optimisation through alloying or nano-structuring

ZT [68,69]: could reduce lattice thermal conductivity while maintaining
26T electrical transport properties, thereby enhandiig
ZT = , (18) The maximumZT values correspond to temperatures
K

where the power factof?c is greatest. Although explicit

whereS denotes the Seebeck coefficianthe electrical con-  doping calculations were not performed, the broad Seebeck

ductivity, x the thermal conductivity, anifi the absolute tem- coefficient plateau suggests that moderate p-type carrier en-

perature. hancement would further optimise performance.
Thermoelectric characteristics were computed using the . i

BoltzTraP code within WIEN2k, with a relaxation time®k * Larger band gaps in Ba-based compounds reduce in-

10~ s manually specified for FrYBi (Y = Ca, Sr, Ba) com- trinsic carrier concentration, loweringbut increasing

pounds [70, 71]. The Seebeck coefficie},(which quanti- S.

fies thermoelectric voltage generation under temperature gra-

dients, is presented in Figs. 6a), 7a), and 8a). All compounds

exhibit positiveS values, confirming p-type semiconducting

behaviour and thermoelectric applicability. At 100 K, the These trends indicate possible optimisation paths via chemi-

Seebeck coefficient reaches 164/5V/K (MBJ-GGA) and  ¢a| doping.

156.36uV/IK (GGA) for FrCaBi; 181, V/K (mBJ-GGA) and

172.71 uVIK (GGA) for FrSrBi; and 199.12:V/K (mBJ- o

GGA) and 169.02:V/K (GGA) for FrBaBi. Peak values oc- 4. Solar cell applications

cur at 200 K across all compounds, with mBJ-GGA consis- i ) ) _

tently yielding higher magnitudes. Beyond this temperatureThe optoelectronic and electronic properties of FrYBi (Y =

S decreases monotonically, though all systems maintain higE:a’ Sr, Ba) half-Heusler compounds position them as promis-
coefficients at low temperatures. ing candidates for enhancing solar cell efficiency. Their

Electrical conductivity per relaxation time (7), a crit- tunable indirect band gap$).07 — 1.35, eV, mBJ-GGA)
ical parameter for thermoelectric efficiency, is shown in&/1gn optimally with the solar spectrum’s peak photon flux
Figs. 6b), 7b), and 8b). Both approximations, GGA-PBE an0(1.071.5 eV), enabling eff|c_|entV|s_|bIe_-I|ght harvesting. The
mBJ-GGA, yield closely comparable results. At 100 K underadvantages for photovoltaic applications can be resumed as
MBJ-GGA, o/7 ranges from 2.24 (FrBaBi) to 5 (FrCaBi), 1IOW:
with FrSrBi intermediate. This parameter increases steadily
with temperature, peaking at 1400 K with values span- ible range 4890 — 5349 cm-1), surpassing conven-

ning 25 (FrBaBi) to 28 (FrCaBi). The compounds demon- tional silicon @ ~ 103 cm~1) and rivaling perovskite
strate favourable thermoelectric characteristics, combining absorbers like MAPh [Fig. 4c)]. This ensures effec-

sustained high-temperature electrical conductivity with low
thermal conductivity at elevated temperatures.

Figures 6 to 8c) and 8d) depict the thermal conductivity = The band gap tunability (via Y-site substitution: Ga
per unit temperatures(/7) and dimensionless figure of merit Sr— Ba) allows customization for tandem solar cells, where
(ZT) for FrYBi (Y = Ca, Sr, Ba) calculated using GGA- FrCaBi (0.98 eV) could serve as a bottom layer and FrBaBi
PBE and mBJ-GGA methods. Thegr ratio increases with  (1.35 eV) as a top layer, maximizing spectral utilisation. This
temperature for all compounds, indicating enhanced phonoapproach aligns with established tandem solar cell design
and electronic heat transport contributions at elevated tenprinciples, where band gap optimization is critical for achiev-
peratures. Throughout the studied range, mBJ-GGA predictiig high power conversion efficiencies [72]. The integration
consistently lower /7 values than GGA-PBE, suggesting re- of such materials with advanced solar tracking systems, as
duced phonon-mediated thermal transfer that benefits thestemonstrated by Hasan [73], could further optimize energy
moelectric efficiency. harvesting efficiency in real-world deployments.

The ZT values increase with temperature, reaching max-
ima in the high-temperature regime: approximately 0.75 for e The dominant Bi-p (valence band) and Y-d (conduc-
FrCaBi, 0.72 for FrSrBi, and 0.70 for FrBaBi under mBJ- tion band) orbital contributions (Fig. 3) facilitate delo-
GGA (compared to 0.66, 0.64, and 0.61 for GGA-PBE). calized charge carriers, reducing recombination losses.

e Ca-based compounds balanteand S better, giving
the highest power factor.

e FrYBi compounds exhibit strong absorption in the vis-

tive photon-to-electron conversion.
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e High static dielectric constants(0) = [6.59 —  tunable dielectric responses. These traits align with potential
7.06]) screen Coulomb interactions, further suppress-applications in photovoltaic cells and transparent conductive
ing charge recombination (Table I11). coatings.

Mechanical analyses indicate ductile behaviour (Pugh'’s
stantse; (0) for the three compounds are: FrCaBi: 7.06, rat]o B/G > 1.75, Poisson's rat|o/' ~ 0.27) and moderate
FrSrBi: 6.71, and FrBaBi: 6.59. These high(0) val- anisotropy, comparable to established half-Heusler systems

o - ot like LiMgBi. The compounds’ softness suggests resilience

ues (.59 — 7.06) indicate that these materials effectively . . .
. . . . under deformation, favourable for flexible electronics. Ther-
screen Coulomb interactions, reducing charge carrier recom- . ) - 1
o S . . ... _moelectrically, high Seebeck coefficients (up to 188K
bination, which is beneficial for optoelectronic applications

like solar cells. The trend suggests that FrCaBi provides théoerrZ'[rLiiBr?i ahr;id é?i;ee&ilrsgf?iceiclaencgnﬁl ﬁg‘:ftl:) Cg\(:gtxlt{] t;;?]-_
strongest screening, followed by FrSrBi and FrBaBi. P ghiig y y

version. While thermal conductivity remains low at moderate
temperatures, further optimisation could enhance the figure
of merit (ZT).

The compounds’ ductile natur®(G > 1.75) as reported in In summary, FrYBi alloys emerge as multifunctional ma-
Table IV enables flexible solar cell designs resistant to meterials with tailored band gaps, robust optical activity, me-
chanical stress, unlike brittle Si or perovskites. Also, thechanical ductility, and thermoelectric responsiveness. Future
low thermal conductivity £/7, Figs. 6—8) minimizes heat- work should explore doping strategies to optimis& and
induced degradation, critical for concentrated photovoltaicsexperimental synthesis to validate these predictions. Their
Table V shows the comparative advantages between the novetrsatility positions them at the forefront of next-generation
half-Heusler compounds FrYBi, c-Si and Perovskites. optoelectronic and sustainable energy technologies.

Values from Table Il show that the static dielectric con-

4.1. Device integration and Stability

4.2. Design recommendations
Funding

The following tasks are recommended for such application:

o Integrate FrYBi as an absorber layer in thin-film het- ThiS work has not received any external funding.
erojunctions €.g, ITO/FrYBI/CdS) or as a spectral-

litting | in tand IIs. .
Spiting layer in tandem cets Credit author statement

e Doping: P-Type behavior (positive Seebeck coeffi-
cients, Sec/3.5) suggests compatibility with n-type O. Hammadache executed writing - original draft, concep-
oxides €.g, TiO,) for p-n junctions. tualization, methodology, investigation, software, validation,
These properties, combined with scalable synthesifi?rmal. analysisl,_ dr?tg curatio_n,_ visualization and_editingo.I I\g_.
routes (suggested by negative formation energies, 2®le | ouari accomplished supervision, resources, review and edit-
ing. S. Mesbah performed formal analysis, data curation, val-

make FrYBi alloys compelling for next-generation photo-. . . L . o .
voltaics. Future work should explore experimental validation'dat'qn’ V|sua!|zat|on, review and editing. K. Khehfa—.Kerfa
contributed with formal analysis, software, data curation, re-

and interface engineering to optimize power conversion effi- . . : .
ciency g 9 P P sources, review and editing. M. Benghanem contributed with

investigation, validation, formal analysis, data curation, re-
) view and editing. T. Lantri and B. Belarbi contributed equally
5. Conclusion with methodology, validation, formal analysis, data curation,

. . . visualization, review and editing.
This comprehensive DFT study elucidates the fundamental

properties of the previously unexplored half-Heusler com-
pounds FrYBi (Y = Ca, Sr, Ba). Structural optimisation con- Declaration of competing interest
firms their stability in the cubid'43m phase (Type 1), with
lattice parameters expanding systematically from FrCaBi torhe authors declare that they have no known competing fi-
FrBaBi. The negative formation energies further affirm ther-nancial interests or personal relationships that could have ap-
modynamic Stability, Supporting their experimental feaSib"-peared to influence the work reported in this paper.
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Electronic structure calculations using mBJ-GGA reveal
indirect band gaps (0.97-1.35 eV), primarily governed by Bi-Acknowledgements
p orbitals in the valence band and Y-d states in the conduction
band. Optical properties exhibit strong light-matter interac-The researchers extend their sincere gratitude to the Deanship
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ficients (4890-5849 cm'), reflectivity peaks (40-45%), and for the support provided to the Post-Publishing Program.

Rev. Mex. Fis72 040502



10.

11.

12.

13.

14.

15.

16.

17.

18.

. F. Heusler, and E. Take, The nature of the Heusler allbgms-

. |I. Galanakis, P. Dederichs, and N. Papanikolaou, Origin and . .
P 9 24. M. Mushtaqg, S. Al-Qaisi, and I.U.N. Lone, Computational

O. HAMMADACHE et al,

19
actions of the Faraday Society (1912) 169-184.

. I. Bouhamou et al, Electronic, Magnetic Properties and
Pressure-induced Phase Transition of New D019 Fe2MnSr0.

Heusler Alloy.Materials Physics and Mechanidsl (2023) 65-
75.

. F. Benzoudjiet al, Insight into the structural, elastic, elec- 21.

tronic, thermoelectric, thermodynamic and optical properties
of MRhSb (M= Ti, Zr, Hf) half-Heuslers from ab initio cal-
culations.Chinese Journal of Physic589 (2019) 434-448.

. Z. Haqueet al, Structural and magnetic properties of a new 22.

and ordered quaternary alloy MnNiCuSb (SG3R4). Journal
of Magnetism and Magnetic Material397 (2016) 315-318.

. M. Meyers, C. Ruud, and C. Barrett, Observations on the fer-

romagnetics phase of the Cu-Mn-Sn systedpplied Crystal-
lography,6 (1973) 39-41.

. S. Sukhendeet al,, Structural, electronic, optical and magnetic

properties of Co2CrZ (Z= Al, Bi, Ge, Si) Heusler compounds.
East European Journal of Physic)2069-80.

properties of the gap in the half-ferromagnetic Heusler alloys.
Physical Review B36 (2002) 134428.

. T. Graf, C. Felser, and S.S. Parkin, Simple rules for the under-

standing of Heusler compounddrogress in solid state chem-
istry, 39(2011) 1-50.

. M. Morcretteet al, Influence of electrode microstructure on

the reactivity of Cu2Sh with lithiumElectrochimica actapb2
(2007) 5339-5345.

F. Heusler, W. Starck, and E. Haupt, Magnetisch-chemische
studien.Verh. Dtsch. Phys. Ge§ (1903) 219-232.

X. Zhanget al, Phase stability, magnetism and generalized
electron-filling rule of vanadium-based inverse Heusler com-
pounds Europhysics Letterd,04(2013) 27012.

S. Skaftouroset al, Search for spin gapless semiconductors: 27-

The case of inverse Heusler compoundpplied physics let-
ters (2013) 102(2).

X. Dai et al, New quarternary half metallic material
CoFeMnSiJournal of Applied Physig405(2009).

I. Galanakis, and E. Sagiu, High TC half-metallic
fully-compensated ferrimagnetic Heusler compourfisplied
physics letters(2011) 99.

S. Sakurada, and N. Shutoh, Effect of Ti substitution on the
thermoelectric properties of (Zr, Hf) NiSn half-Heusler com-
poundsApplied Physics Letter§2005) 86.

H. ZENASNI, Etude Tkorique des Propgtes magetique,
électronique et structurales des alliages Heusler. (2013), Unis,
versié de Tlemcen-Abou Bekr Belkaid.

H. C. Kandpal, C. Felser, and R. Seshadri, Covalent bonding
and the nature of band gaps in some half-Heusler compound§.1
Journal of Physics D: Applied Physic39 (2006) 776.

H. Schusteet al, Investigations on neutron diffraction of the
phases LiAlSi and LiAlGe. Z. Naturforsch., b;(Germany, Fed-
eral Republic of), (1976) 31.

23.

25.

26.

28.

. L. Fenget al,, First-principles investigation of half-metallic fer-
romagnetism of halfHeusler compounds XY@durnal of mag-
netism and magnetic material351(2014) 92-97.

O. Hammadachest al, KCaAs and KCaP: promising half-
Heusler compounds for UV protection and thermoelectric ap-
plications.Physica Scripta99 (2024) 115940.

M. Lazizi et al., Structural properties, electronic band structure,
magnetic and mechanical characteristic of XFeGe (X= Co, Cr,
Ni) half Heusler compounds: Insights from DFT calculation.
Inorganic Chemistry Communications42(2022) 109675.

D. Beheraet al,, First principles studies on optoelectronics and
transport properties of KSrY (Y= Sb, Bi) for renewable energy
application Materials Science and Engineering; 023)297
116765 /https://doi.org/10.1016/j.mseb.2023.

116/65.

A. Azamet al, First principles study of magneto-electronic and
thermoelectric properties of quaternary CoZrMnSb for spin-
tronics and waste heat recovery energy applicati@ystical
and Quantum Electronic€024) 56 1001. https://doi.
0org/10.100//s11082-024-06891-w.

study of phase stability, electronic, magnetic and thermoelectric
properties of a new quaternary Heusler alloy CrColrSalid
State Communication842 (2022) 114636https://doi.
0rg/10.1016/j.ss¢.2021.114636.

D. Baharaet al, Exploring structural, optoelectronic, and
thermoelectric properties of SrCaGe and SrCaSn half Heusler
compounds. rternational Journal of Quantum Chemistry
124 (2024) e27375nttps://doi.org/10.1002/qua.

2(3(5.

M. Mushtaget al,, First-principles study of the (001) and (110)
surfaces of CrColrGa Heusler allophysica Scripta (2022)
97055809 https://doi.org/10.1088/1402-4896/

aco296.

A. Dey, R. Sharma, and S.A. Dar, An extensive investigation
of structural, electronic, thermoelectric and optical properties
of bi-based half-Huesler alloys by first principles calculations.
Materials Today Communication85 (2020) 101647.

S. Dergalet al, A DFT calculation of electronic structures,
magnetic, and thermoelectric properties of the new equiatomic
quaternary Heusler alloy RuTiCrSlinternational Journal of
Quantum Chemistry124 (2024) e27371https://doi.
0org/10.1002/qua.2/3/1.

29. Y. Dhakshayani, G. Suganya, and G. Kalpana, DFT studies

on electronic, magnetic and thermoelectric properties of half
Heusler alloys XCaB (X= Li, Na, K and RbJournal of Crys-
tal Growth 583(2022) 126550.

. A. Lakdjaet al, Origin of ferromagnetism in the half-Heusler
XRbCs compounds (X= N, P and As). Journal of magnetism
and magnetic material854(2014) 235238.

. R. Umamaheswari, M. Yogeswari, and G. Kalpana, Ab-initio
investigation of halfmetallic ferromagnetism in half-Heusler
compounds XYZ (X= Li, Na, K and Rb; Y= Mg, Ca, Sr and
Ba; Z= B, Al and Ga)Journal of magnetism and magnetic ma-
terials, 350(2014) 167-173.

Rev. Mex. Fis72 040502


https://doi.org/10.1016/j.mseb.2023.116765.�
https://doi.org/10.1016/j.mseb.2023.116765.�
https://doi.org/10.1007/s11082-024-06891-w.�
https://doi.org/10.1007/s11082-024-06891-w.�
https://doi.org/10.1016/j.ssc.2021.114636.�
https://doi.org/10.1016/j.ssc.2021.114636.�
https://doi.org/10.1002/qua.27375.�
https://doi.org/10.1002/qua.27375.�
https://doi.org/10.1088/1402-4896/ac6296.�
https://doi.org/10.1088/1402-4896/ac6296.�
https://doi.org/10.1002/qua.27371.�
https://doi.org/10.1002/qua.27371.�

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

FrYBi (Y = Ca, Sr, Ba) SEMICONDUCTORS FOR VISIBLE-LIGHT HARVESTING: A MULTIFUNCTIONAL PLATFORM. .. 9

site on quaternary Heusler alloys LiXNiS#laterials Research
Express11(2024) 066102.

K.K. Brito, J.J. Muthukumaran, and M. Srinivasan, First- 48.

principles calculations on structural, elastic, electronic, mag-
netic and thermoelectric properties of hafnium based ferrimag-
netic half metalsJournal of Magnetism and Magnetic Materi-
als, 2025173296.

A. Bouadiet al, A new semiconducting full Heusler Li2BeX
(X=Si, Ge and Sn): first-principles phonon and Boltzmann cal-
culations.Physica Scripta97 (2022) 105710.

F. Firdouset al, Half-metallicity, magnetic and optical at-

tributes of mechanically stable half-Heusler VSnX (X= Pt, Pd) 50.

alloys for spintronics: a DFT studyrhe European Physical
Journal Plus 138(2023) 699.

O. Pavlukhinaet al., Insight into half-metallicity, electronic
structure, and thermal transport properties of FeRhGal- xAsx
Heusler alloysJournal of Magnetism and Magnetic Materials
2025173268.

C.V. Ha et al, Structural, electronic, and magnetic proper-
ties of bulk and (001) surfaces NaFeAs half-Heusler alloy: A
first-principles studyMaterials Chemistry and Physic2025
130968.

I. Asfour, Theoretical Study of the Structural Stability, Elec- 53.

tronic and Magnetic Properties of Half-Metallic Ferromag-
netism Cr2NbZ (Z= As, Sb)Russian Journal of Physical
Chemistry B18(2024) 83-94.

S. Yasinet al, Half-Metallic Ferromagnetism in UCu2X2 (X=

P, As) Zintl Compounds: Exploring the Magnetic Stability,
Electronic Structure, Exchange Interactions, and Implications
for Next-Generation Storage Technologidsurnal of Super-
conductivity and Novel Magnetisi3g (2025) 143.

Y. Al-Douri, and M. Ameri, Physical studies of spintronics- 5r

based Heusler alloy€ritical Reviews in Solid State and Mate-
rials Sciences50 (2025) 189-238.

J. Maet al, Computational investigation of half-Heusler com-
pounds for spintronics application®hysical Review B95
(2017) 024411.

Z. Abbaset al, First principles quantum analysis of the struc-

s}

tural, electronic, optical, spintronic, and mechanical properties7-

of doped half-Heusler compounds for green energy applica-
tions.Optical and Quantum Electronic56 (2024) 1531.

S. Mesbahet al, Full Heusler alloys, with high absorption

coefficient, insight into the optical properties of Li2CaC and 58.

Li2SrC. Solid State Communicatiorn328(2021) 114238.

A.F. Shendi, and A.M. Nahhas, Power generation by using Pho-
tovoltaic systems for Yanbu and Rabigh regions in Saudi Ara-
bia: a cost-effective studyslamic University Journal of Ap-
plied SciencesVolume V, Issue |, July (2023) Pages 10-44.
https://doi.org/10.63070/jesc.2023.001.

S. Al-Qaisiet al,, Electronic, structural and magnetic properties
of TbO under pressure: FP-LAPW stuéihase Transitions89
(2016) 1155-1164.

S. Al-Qaisiet al, Comprehensive DFT study of K2TIZI6 (Z=
Al, In) double perovskites: Structural stability and potential for
optoelectronic and thermoelectric energy harvestfigysica

B: Condensed Mattei710(2025) 417239.

49.

51.

54.

59.

61.

. J. Kumaret al,, Ab-Initio study of substitution at alkaline earth 47. F.D. Murnaghan, The compressibility of media under extreme

pressuresProceedings of the National Academy of Sciences
30(1944) 244-247.

M.S. Yaseeret al, First-principles study of electronic and op-
tical properties of ternary compounds AuBX2 (X='S, Se, Te)
and AuMTe2 (M= Al, In, Ga). 8lid State Science411(2021)
106508.

N. Noor et al, Systematic study of elastic, electronic, opti-
cal and thermoelectric properties of cubic BiBO3 and BiAIO3
compounds at different pressure by using abinitio calculations.
Materials Research Bulletjr97 (2018) 436-443.

L. Drici et al, First-principles calculations of structural, elastic,
electronic, and optical properties of CaYP (Y= Cu, Ag) Heusler
alloys.Emergent Materials5 (2022) 1039-1054.

M.M. Hossain, First-principles study on the structural, elastic,
electronic and optical properties of LiNbOBeliyon, (2019)
5(4).

52. K. Bougherara, D. Rai, and A. Reshak, First principles predic-

tion of the elastic, electronic and optical properties of Sn3X4
(X= P, As, Sb, Bi) compounds: potential photovoltaic ab-
sorbersChinese Journal of Physic§9 (2019) 265-272.

M. Naseri,et al, Examining the uniform strain effect on elas-
tic, electronic and optical properties of CsPbCI3 through FP-
LAPW calculationsChemical Physic531(2020) 110654.

H.M. Usman et al, Enhancing Photovoltaic Efficiency through
Engine Oil Coatings: A Comparative Analysis of New, Par-
tially Used, and Degraded Oil§he Islamic University Jour-
nal of Applied Scienceslssue II, Volume VI, December
(2024) Pages 134-154ttps://doi.org/10.63070/
jesc.2024.018.

F. Benaddiget al,, Electronic and magnetic investigation of half-
metallic ferrimagnetic full-Heusler Mn2IrG&mergent Mate-
rials, 4 (2021) 1745-1760.

56. B. Mayeret al, Ab-initio calculation of the elastic constants

and thermal expansion coefficients of Laves phaseter-
metallics,11 (2003) 23-32.

A. Reul3, Berechnung der flieR grenze von mischkristallen
auf grund der plastizﬁttsbedingungﬁir einkristalle.ZAMM-
Journal of Applied Mathematics and Mechanics/Zeitschiiift f
Angewandte Mathematik und Mechanik(1929) 4958.

G. Cizeron, Propétes physiques des cristaux. Leur
repiesentation par des tenseurs et des matrices, par JF
Nye, traduit de I'anglais par D. Blanc et T. Pujol, 1961.
Bulletin de Mireralogie,84 (1961) 335-335.

H. Fu,et al, Ab initio calculations of elastic constants and ther-
modynamic properties of NiAl under high pressu@smputa-
tional Materials Sciencet4 (2008) 774778.

60. S. Pugh, XCII. Relations between the elastic moduli and the

plastic properties of polycrystalline pure metalie London,
Edinburgh, and Dublin Philosophical Magazine and Journal of
Science45 (1954) 823-843.

J.F. Nye, Physical properties of crystals: their representation by
tensors and matrices. 1985: Oxford university press.

Rev. Mex. Fis72 040502


https://doi.org/10.63070/jesc.2023.001.�
https://doi.org/10.63070/jesc.2024.018.�
https://doi.org/10.63070/jesc.2024.018.�

10

62.

63.

64.

65.

66.

67.

68.

0. HAMMADACHE et al,

I. Galanakis, and P. Mavropoulos, Spin-polarization and elec-
tronic properties of halfmetallic Heusler alloys calculated from-

first principles.Journal of Physics: Condensed Mattet9 69

(2007) 315213.

X. Zhang, and L.-D. Zhao, Thermoelectric materials: Energy
conversion between heat and electricidpurnal of Materi-

omics 1(2015) 92-105. 70

J. Pierreet al,, Properties on request in semi-Heusler phases.
Journal of alloys and compounds, (19262 101-107.

M.A. Boudjeltiaet al., Exploring the structural, optoelectronic,

transport, and thermoelectric properties of half-heusler KSrxTL-

(X = P, As) for optoelectronic, photovoltaic, and thermoelec-
tric applications.Physica B: Condensed Matter,17 (2025)
417824.

T. Jia, G. Chen, and Y. Zhang, Lattice thermal conductivity 2.

evaluated using elastic properti®hysical Review B5(2017)
155206.

A. Messaoudet al., Exploring Quaternary Heusler Compounds 7.

CoRuXSb (X: Ti, Zr): A Path to Thermoelectric and Optoelec-
tronic Innovation. SPIN. O(ja): p. null.

Q. Sheret al,, Effects of partial substitution of Ni by Pd on the

thermoelectric properties of ZrNiSn-based half-Heusler com-
poundsApplied Physics Letter§9 (2001) 4165-4167.

. K.K. Johariet al, Band structure modification and mass fluc-

tuation effects of isoelectronic germanium-doping on thermo-
electric properties of ZrNiSrACS Applied Energy Material8,
(2019) 1349-1357.

. M.H. Cherif et al, Innovative double perovskite: unveiling

the dynamical stability, optoelectronic, magnetic and transport
properties of Ba2CrWO6 for thermoelectric and optical appli-
cations.Optical and Quantum Electronic56 (2024) 1532.

N. Mechehouckt al, A comprehensive DFT+U study of opto-
electronic and thermoelectric properties of a new half semicon-
ductor (HSC) chloro-elpasolite Rb2AgMoCI6 for green energy.
Physica B: Condensed Mattét]15(2025) 417603.

M.A. Greenet al, Solar cell efficiency tables (version 39).
Progress in photovoltaicsesearch and application20(2012)
12-20.

M.R. Hasan, Design and Fabrication of an Automatic So-
lar Tracking System & Comparative Analysis with Stationary
Panel.Islamic University Journal of Applied Sciencegol-
ume V, Issue Il, December (2023) Pages 156-ht#ps:
//do1.0rg/10.6307/0/jesc.2023.016.

Rev. Mex. Fis72 040502


https://doi.org/10.63070/jesc.2023.016.�
https://doi.org/10.63070/jesc.2023.016.�

