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New CaRbNaZ (Z=Si and Ge) semiconductor compounds
suitable for photovoltaic and thermoelectric devices
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Semiconductor compounds are a fascinating type of materials that have attracted the attention of scientists because of their ability to enhance
green technology by efficiently converting, storing, and transmitting waste heat into electrical energy. This research aimed to investigate the
structural, electronic, elastic, optical, and thermoelectric characteristics of newly developed Quaternary Heusler alloys (QHAs) CaRbNaZ
(where Z represents Si and Ge). This was achieved using the generalized gradient approximation (GGA) and the Tran-Blaha modified
Becke-Johnson (TB-mBJ) potential. For both approximations, CaRbNaSi and CaRbNaGe are found to be nonmagnetic semiconductors with
band gaps varying in the range from 0.49 to 1.00 eV. The studied alloys additionally conform to the Slater-Pauling rule, exhibiting a specific
magnetic moment ofMtot = 8− Ztot for nonmagnetic behavior and, therefore, having a total magnetic of 0.00µB . They possess an optical
band gap comparable to the electronic band gap, along with significant absorption properties (90× 104 and103× 104 cm−1) in visible and
UV regions, respectively, proving that these compounds are promising materials for photovoltaic cells and UV radiation shields. The high
merit factor values (0.76 and 0.80) at 300K confirm that CaRbNaZ (Z= Si and Ge) are suitable candidates for thermoelectric devices.
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1. Introduction

Ultra-modern lifestyles, population growth, high fossil fuel
prices, global warming, and pollution necessitate environ-
mentally friendly solutions. These growing concerns about
global energy have recently encouraged scientists to seek
new thermoelectric (TE) semiconductor materials to meet the
world’s increasing energy needs. Thermoelectric devices are
environmentally friendly, serving as a green power genera-
tion resource with advantages such as small size, high reli-
ability, absence of pollutants, effective waste-heat recovery
systems, and feasibility over a wide temperature range [1,2].

The TE features of materials are evaluated through the
mathematical model:

ZT =
S2σT

K
. (1)

Here,K, T , σ, andS represent the thermal conductivity, tem-
perature, electrical conductivity, and Seebeck coefficient, re-
spectively [3–5]. The optimal performance of thermoelec-
tric materials is achieved when they exhibit low thermal con-
ductivity, high electrical conductivity, and a high Seebeck
coefficient. These requirements can be met in narrow band

gap semiconductors capable of maximizing energy harvest-
ing from the solar spectrum [6], such as Heusler alloys (HAs).

Heusler alloys have garnered significant attention as cru-
cial technological solutions for addressing energy issues.
These alloys exist in binary, ternary, quaternary, and multi-
nary forms are well-suited as solar cells (SCs) for thermo-
electric fields due to their high stability, good optical prop-
erties, and environmental friendliness at an affordable cost
[7–9]. In this regard, SC efficiency may be enhanced by em-
ploying innovative HAs, such as Quaternary Heusler Alloys
(QHAs), which exhibit high absorption and minimal photon
energy inefficiencies, serving as a better alternative to com-
mercial silicon-based solar cells. QHAs, with a chemical for-
mula XX’YZ, possess a LiMgPdSn-type structure (or Y-type)
along with the F43m (No. 216) space group [10]. Many stud-
ies of QHAs have been conducted, focusing on their half-
metallic (HM), semiconducting (SC), semimetallic proper-
ties (SMP), and spin-gapless semiconductors (SGS) [11,12].
Numerous studies have explored the half-metallicity, optical,
and thermoelectric properties of various Quaternary Heusler
compounds that obey the 18-electron rule as introduced by
Jiangang Heet al. [13], such as CoIrMnZ (Z=Al, Si, Ga,
Ge) [14], YRhTiGe [15], FeRhCrSi, FePdCrSi [16], PdCoM-
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nAl [17], CrTiRhAl [18], LiScPdPb [19], and ZnFeTiSi [20].
From the literature reviews, it can be concluded thatd0-based
semiconducting quaternary Heusler compounds have been
less investigated, particularly those with a valence electron
count (VEC) equal to 8. Therefore, we are encouraged to
apply ab-initio computations to analyze the electronic, ther-
moelectric, elastic, optical, and structural characteristics of
new Quaternary Heusler alloys, specifically CaRbNaZ (Z=
Si, Ge). The remaining portions of this article are organized
as follows: Computation details, results and discussion, and
a brief summary.

2. Computational details

Investigating thermoelectric, optical, lattice dynamics, and
structural stability, including electronic properties of CaRb-
NaZ (Z=Si and Ge) compounds, the full potential linear
augmented-plane waves (FP-LAPW) approach has been em-
ployed in theWien2k software [21]. The exchange corre-
lation function has been calculated using the GGA (gener-
alized gradient approximation) following the PBE (Perdew-
Burke-Ernzerhof) method [22]. Given that the GGA typically
underestimates material band gaps, we used the Tran-Blaha
modified Becke-Johnson (TB-mBJ) potential. This method
is known for accurately determining band gaps in electronic
structures and providing better analysis of optical proper-
ties [23–25]. Moreover, the mBJ approach yields theoretical
results that are very similar to experimental data for energy
gaps in semiconductors and insulators [26,27].

Additionally, the mBJ potential is highly adaptable, pre-
cise, and easy to use [28]. In the calculations, the muffin-tin
sphere radii were automatically set to 2.00 Bohr for Ca, Rb,
and Na atoms, and 1.93 Bohr for Z atoms. The magnitude of
the greatest vector magnitude is 12 (i.e., Gmax) in charge den-
sity Fourier expansion. With a matrix size of RMT * Kmax
set to 8, whereKmax represents the plane wave cut-off, the
partial waves within the atomic spheres are expanded up to
lmax = 10. A k-mesh of15× 15× 15 was selected for SCF
and band structure calculations. Additionally, the cut-off en-

ergy, set at -6 Ry, determines the separation between valence
and core states. For successive iterations of self-consistent
field (SCF) cycles, we set an energy convergence criterion of
10−5 Ry. A dense k-mesh of50× 50× 50 k-points was uti-
lized to calculate optical parameters because optical spectra
highly depend on Brillouin zone sampling. Using the semi-
classical Boltzmann transport equation with rigid band and
constant relaxation time approximations, the thermoelectric
transport properties were determined [29].

3. Results and discussions

3.1. Structural properties

In general, each Heusler alloy can exhibit three distinct
nonequivalent atomic configurations. Quaternary Heusler al-
loys (QHAs) possess a LiPdMgSb prototype structure and
crystallize into face-centered cubic sublattices [30]:

Type I: Z(0,0,0), Na(1/4,1/4,1/4), Rb(1/2,1/2,1/2), and
Ca(3/4,3/4,3/4).

Type II: Z(1/4,1/4,1/4), Na(1/2,1/2,1/2), Rb(0,0,0), and
Ca(3/4,3/4,3/4).

Type III: Z(3/4,3/4,3/4), Na(1/4,1/4,1/4), Rb(1/2,1/2,1/2),
and Ca(0,0,0).

Mainly unit cell of CaRbNaZ (Z = Si and Ge) Heusler alloys
is shown in Fig 1. The alloys are non-magnetic (NM), as in-
dicated by the calculations in the ferromagnetic phase, which
show a total magnetic moment of zero. Figure 2 presents
the estimated energy versus volume curve, which clearly in-
dicates that the NM-type I state is more energetically stable
than the type II and type III cases.

All structural parameters at equilibrium for the two com-
pounds in different structure types are shown in Table I.
Based on the equilibrium lattice constant results, the val-
ues are determined to be 7.73 and 7.81Å for CsRbNaSi and
CsRbNaGe, respectively. Further confirmation of these re-
sults can be achieved by considering the atomic radii of Si

FIGURE 1. Crystal structure for CaRbNaSi and CaRbNaGe.
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FIGURE 2. CaRbNaZ whole energy as a function of unit cell volumei.e., (Z= Si and Ge).

TABLE I. The computed values of formation energyEf , cohesive energyEc, derivative of bulk modulusB′, bulk modulusB, lattice constant
a, and ground state energiesE0 for CaRbNaZ (Z= Si and Ge).

Alloys Type
E0 (Ry) a (Å) B (GPa) B′ Ec (Ry) Ef (Ry)

FM NM NM NM NM NM NM

CaRbNaSi

Type I -8228.6812 -8228.6812 7.72 21.96 4.28 -0.62 -0.58

Type II -8228.6087 -8228.6079 7.89 17.25 4.21 - -

Type III -8228.6542 -8228.6560 8.01 19.28 4.16 - -

CaRbNaGe

Type I -11846.8352 -11846.8353 7.81 19.57 4.37 -0.59 -0.55

Type II -11846.7682 -11846.7682 7.98 15.51 4.19 - -

Type III -11846.8025 -11846.8039 8.09 17.86 4.16 - -

and Ge, which are 1.1 and 1.25̊A, respectively. In CaRb-
NaZ alloys, the atomic size of the Z element expands with the
equilibrium lattice constant. Conversely, the bulk modulusB
magnitudes diminish in the following order:B (CsRbNaSi)
> B (CsRbNaGe), in contrast to the lattice constanta, which
follows the relationshipB ∼ a−1 [31]. This pattern of varia-
tion in the different lattice parameters confirms the reliability
and accuracy of our investigation.

To evaluate the bonding strength, cohesive energy Ec is
utilized. It is defined as the difference between the total en-
ergy of the alloy and the sum of the energies of its individual
atoms. The formula for cohesive energy per unit is expressed
as below for CaRbNaZ (Z= Si and Ge) [32]:

ECaRbNaZ
C = ECaRbNaZ

tot − (ECa + ERb + ENa + EZ), (2)

hereECaRbNaZ
C represents total energy at equilibrium condi-

tions for CaRbNaZ,ECa, ERb, ENa andEZ (Z= Si and Ge)
are the entire energies of the isolated atoms [33]. CaRbNaSi,
having the lowest cohesive energy, is shown in Table I as the
most stable structure. The negative values ofEc for all com-
pounds ensure that these QHAs can be stabilized upon forma-
tion [34]. We have also calculated the formation energyEf ,
which is typically employed to estimate whether the material
in question can be experimentally fabricated. The preparation
is energetically favorable, as indicated by the negative char-

acteristic of this parameter, signifying an exothermic process.
In general,Ef of CaRbNaZ (Z= Si and Ge) can be computed
by implementing the following formula:

ECaRbNaZ
f =ECaRbNaZ

tot − (
ECa

bulk+ERb
bulk+ENa

bulk+EZ
bulk

)
. (3)

Here,ECaRbNaZ
tot represents the total energy of the primi-

tive cell of CaRbNaZ, andECa
bulk, ERb

bulk, ENa
bulk, andEZ

bulk (Z =
Si and Ge) are the full energies for both Si and Ge atoms in
their bulk states. The feasibility of experimentally synthesiz-
ing CaRbNaZ (Z = Si and Ge) is suggested by the negative es-
timated magnitudes of formation energies for all compounds,
as shown in Table I.

3.2. Elastic properties

To investigate a material’s mechanical stability against ex-
ternal forces, it is necessary to calculate its elastic constants
Cij . Valuable insights into the mechanical nature of a com-
pound are provided by the values obtained for these constants
(stability, stiffness, ductility/brittleness, hardness, etc.). The
elastic constants were determined using the IRelast program,
incorporated inWien2k , which is specifically designed for
cubic systems. The following conditions must be satisfied for
the cubic crystal structure to be mechanically stable [35]:
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TABLE II. The designed Young’s modulusE (GPa), anisotropy factorA, Cauchy’s pressureCP (GPa), Poisson’s ratioν, Pugh’s ratioB/G,
shear modulusG (GPa), bulk modulusB (GPa), and elastic constantsCij (GPa) for CaRbNaZ (Z = Si and Ge).

Compound C11 C12 C44 B G B/G ν CP E A

CaRbNaSi 44.90 10.50 22.31 21.97 20.10 1.09 0.14 -11.81 46.21 1.29

CaRbNaGe 40.24 9.32 22.27 19.63 19.24 1.02 0.13 -12.95 43.51 1.44

C11 − C12 > 0,

C11 + 2C12 > 0,

C44 > 0,

C12 < B < C11.

(4)

In Table II, using the generalized gradient approximation
(GGA), the elastic constants for quaternary CaRbNaZ (Z =
Si and Ge) compounds are calculated and demonstrated. The
mechanical stability of both compounds in the Type I struc-
ture is indicated by our findings, which satisfy the stability
conditions. The main mechanical coefficients were exam-
ined to explore the hardness of the current materials, such
as the Poisson’s ratioν, the ratioB/G, the shear modulus
G, Young’s modulusE, the Cauchy pressureCP , the Zener
anisotropy factorA, and the bulk modulusB, which are also
estimated at 0 K and 0 GPa. Applying the Voigt-Reuss-Hill
(VRH) approach [36], the mathematical model of the param-
eters considered in the analysis is represented as follows:

B =
C11 + 2C12

3
, (5)

GV =
C11 − C12 + 3C44

5
,

GR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
, (6)

G =
GV + GR

2
, (7)

CP = C12 − C44, (8)

ν=
3B − 2G

2(3B + G)
, A=

2C44

C11 − C12
, E=

9BG

3B + G
. (9)

The obtained bulk modulusB values of 21.97 GPa and
19.63 GPa for CaRbNaSi and CaRbNaGe, respectively, cor-
respond closely to the values derived from the structural
properties, as shown in Table II. It is well known that a ma-
terial is classified as ductile if its Pugh’s ratioB/G is 1.75
or higher; otherwise, it is considered brittle [37]. Table II
reports the computedB/G values, indicating that both com-
pounds are brittle. A material is deemed brittle if Poisson’s
ratioν is less than or equal to 1/3; otherwise, it is considered
ductile [38]. The quaternary Heusler alloys (QHAs) CaRb-
NaZ (Z = Si and Ge) are indicated as brittle, since all com-
puted Poisson’s ratiosν in Table II are less than 0.33. The
brittleness of these materials can also be analyzed through
the calculated negative Cauchy pressure values. Addition-
ally, the Young’s modulus value of CaRbNaSi (46.21 GPa)
is greater than that of CaRbNaGe (43.51 GPa), which leads
to the conclusion that CaRbNaSi is more rigid than CaRb-
NaGe. Anisotropic characteristics are indicated by a Zener
anisotropy factorA value different from unity, signifying the

FIGURE 3. Band structure for CaRbNaSi using GGA-PBE and mBJ-GGA.

Rev. Mex. Fis.71011001



NEW CARBNAZ (Z=SI AND GE) SEMICONDUCTOR COMPOUNDS SUITABLE FOR PHOTOVOLTAIC AND THERMOELECTRIC DEVICES5

FIGURE 4. Band structure for CaRbNaGe using GGA-PBE and mBJ-GGA.

degree of elastic anisotropy in a crystal. The mechanical
anisotropy of these materials is confirmed by the calculated
A values, which are 1.29 for CaRbNaSi and 1.44 for CaRb-
NaGe.

3.3. Electronic properties

3.3.1. Band structure

The resolved band structure along the high symmetry direc-
tionsW − L− Γ−X −W −K in the Brillouin zone (BZ)
was computed using the GGA-PBE and GGA-mBJ approx-
imations to investigate the ground state electronic properties
of the CaRbNaZ (Z = Si and Ge) quaternary Heusler alloys
(QHAs) Figs. 3 and 4. For both approaches, the CaRbNaZ
(Z = Si and Ge) alloys are semiconductors. The results in-
dicate that CaRbNaSi has an approximate indirect band gap
of 0.49 eV (GGA-PBE) and 1.00 eV (GGA-mBJ) along the
Γ − X symmetry. In contrast, for CaRbNaGe, along the
Γ− Γ andΓ−X symmetries, the material has a direct band
gap of about 0.31 eV (GGA-PBE) and an indirect band gap
of 0.99 eV (GGA-mBJ) (see Table III). The change in band
gap is attributed to the difference in atomic radii of Si and
Ge, leading to changes in lattice parameters and orbital over-

lap. As the lattice constant decreases, the interatomic dis-
tance is reduced, resulting in stronger binding forces between
the valence electrons and the parent atoms. Consequently,
the valence electrons become more tightly bound and require
higher energy to become free within the material. Thus, the
energy needed for the excitation of valence electrons corre-
sponds to the band gap energy. As a rule of thumb, the band
gap is inversely proportional to the interatomic distance [39].

As far as we know, there have been no experimental mea-
surements of the band structure of these compounds available
for comparison, while our results indicate that these new ma-
terials with narrow-band structures will strongly contribute to
improved optical and thermoelectric performance.

3.3.2. Density of states (DOS)

Figures 5 and 6 display the examination of the total and par-
tial densities of states (TDOS and PDOS) for the CaRbNaZ
(Z = Si and Ge) compounds to gain a clearer understanding
of the electronic contributions responsible for the band struc-
ture’s characteristics. The semiconducting nature of both ma-
terials is demonstrated by the TDOS at the Fermi level being
zero, as observed with the GGA and mBJ approximations,
which also validates the band structure findings. The states

TABLE III. Band gap calculated using GGA and mBJ-GGA approaches for CaRbNaZ (Z = Si and Ge).

Compound
CaRbNaSi CaRbNaGe

GGA-PBE mBJ-GGA GGA-PBE mBJ-GGA

Band gap (eV) 0.49 1.00 0.31 0.91

Region Γ-X Γ-X Γ-Γ Γ-X

Type Indirect Indirect Direct Indirect

Nature SC SC SC SC

Rev. Mex. Fis.71011001
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FIGURE 5. The DOS plots of CaRbNaSi under GGA-PBE and mBJ- GGA approximations.

FIGURE 6. The DOS plots of CaRbNaGe under GGA-PBE and mBJ- GGA approximations.

Ca (4s2), Rb (5s1), Na (3s1), Si (3s2, 3p2), and Ge (4s2, 4p2)
are considered as valence electrons. The zero value obtained
for the total magnetic moment 0µB using the GGA method
verifies the non-magnetic behavior of these compounds ac-
cording to the Slater-Pauling regime:

Mtot = 8− Ztot. (10)

Here, Mtot represents the total magnetic moment, andZtot

denotes the valence electron number, which has a magnitude

of 8 for CaRbNaZ (Z = Si and Ge). The region between
-2.2 eV and 0 eV in the PDOS is primarily due to 3p-Si
states for CaRbNaSi and 4p-Ge states for CaRbNaGe, with
minor contributions from Ca-s and Na-s states, as depicted
in Fig. 5. Additionally, the region between 0 eV and 4 eV
exhibits strong hybridization between Ca-s, Rb-s, and Na-s
states, with a weak contribution from 3p-Si and 4p-Ge states
in both materials under consideration.

Rev. Mex. Fis.71011001
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The contribution of Rb states is nearly zero. Therefore,
the semiconductor behavior of CaRbNaSi and CaRbNaGe is
evident, with the 3p orbitals of Si and the 4p orbitals of Ge
primarily influencing their density of states. The optical and
transport properties of CaRbNaZ (Z= Si and Ge) QH com-
pounds will be greatly influenced by these alloys.

3.4. Optical properties

To determine a material’s response to incident photon energy
and its ability to absorb, scatter, and reflect electromagnetic
waves, it is crucial to understand its optical properties. For
this purpose, the optical performance of cubic CaRbNaZ (Z =
Si and Ge) QH compounds is examined in the photon energy
range of 0-14 eV, focusing on parameters such as the absorp-
tion coefficient, reflectivity, refractive index, and dielectric
function utilizing the mBJ-GGA approach [see Fig. 7a)-e)].
The complex dielectric functionε(ω) serves as the basis for
all the aforementioned optical parameters and is expressed as
follows:

ε(ω) = ε1(ω) + iε2(ω), (11)

whereε1(ω) andε2(ω) refer to the real and imaginary parts
of the dielectric function, respectively. The polarization of
light is indicated by the real part of this complex quantity,
while the imaginary part reveals details about light absorp-
tion. The relationship betweenε1(ω) andε2(ω) is given by
the Kramers-Kronig relation [40]:

ε1(ω) = 1 +
2
π

P

∫ ∞

0

ω′ε2(ω′)
ω′2 − ω2

dω′, (12)

ε2(ω) =
e2

πm2ω2

∑
v,c

∫ ∞

BZ

|Mcv(K)|2

× δ[ωcv(K)− ω]d3K, (13)

whereP , M , K, h, andω represent the principal quantum
number, molar mass, wave vector, Planck’s constant, and an-
gular frequency, respectively. The calculated values of the
real and imaginary parts of the dielectric function can be
used to derive other optical parameters, including the absorp-
tion coefficienta(ω), reflectivity R(ω), and refractive index
n(ω) [41–44].

a(ω) =

√
2ω

c

(√
ε2
1(ω) + ε2

2(ω)− ε1(ω)
)1/2

, (14)

R(ω) =

∣∣∣∣∣

√
ε(ω)− 1√
ε(ω) + 1

∣∣∣∣∣

2

, (15)

n(ω) =

[√
ε2
1(ω) + ε2

2(ω) + ε1(ω)
2

]1/2

, (16)

Figure 7a) shows the plot of the real part of the dielectric
function, ε1(ω). The two resonance peaks at 1.39 eV and
1.45 eV for CaRbNaSi and CaRbNaGe, respectively, corre-
spond to specific light energies where the material is plane-
polarized. Furthermore, in the energy range from 2.84 eV

to 9 eV, the CaRbNaZ (Z = Si and Ge) quaternary hydrides
(QH) demonstrate metallic behavior, asε1(ω) shows slight
negative values. As a result, these compounds have the abil-
ity to reflect incident photon radiation in this area. According
to Penn’s model,ε1(0) ≈ 1 + (~ωp/Eg)

2 [45], the static di-
electric constantε1(0) at zero frequency (ω = 0) is inversely
proportional to the band gap. When Si is replaced with Ge,
this constant rises from 10.48 to 11. As shown in Fig. 7b),
the imaginary part of the dielectric functionε2(ω) provides
information about light absorption. The optimal operational
range of the studied QHAs in the visible spectrum is indi-
cated by the highest absorption peaks ofε2(ω) at 2.60 eV
for CaRbNaSi and 2.46 eV for CaRbNaGe, making them
excellent candidates for optoelectronic applications. Addi-
tionally, the optical band gaps of 1.00 eV and 0.91 eV for
CaRbNaSi and CaRbNaGe, respectively, closely align with
the electronic band gaps calculated from the threshold points
of ε2(ω). On the other hand, regarding the absorption coeffi-
cientα(ω), as illustrated in Fig. 7c), it describes the amount
of light energy absorbed by the semiconductor and the net ab-
sorption edges for incident energy exceeding the band gap. In
the visible range, the absorption curve rises rapidly, reaching
the greatest magnitude of90 × 104 cm−1 at 2.95 eV (red),
which is higher than the band gap measured from the band
structure.

In addition, the maximum absorption attained in the ul-
traviolet exceeds103 × 104 cm−1 at 6.95 eV, indicating that
more transitions occur between the conduction and valence
bands. Moreover, the intensity of the peaks in the ultravio-
let region is higher than in the visible region, indicating their
suitability for optoelectronic devices that operate under UV
light.

Figure 7d) depicts the refractive indexn(ω), which indi-
cates the material’s transparency and light dispersion proper-
ties. If n(0) is around zero, the material is transparent, while
positive values measure light absorption. The plot indicates
that the behavior of the refractive index mirrors that of the
real part of the dielectric functionε1(ω). The static values of
the refractive indexn(0), which are equal to 3.24 and 3.34 for
CaRbNaSi and CaRbNaGe, respectively, are in accordance
with the relationn(0) =

√
ε1(0).

Additionally, the refractive index continues to increase
across the energy span of [0− 14] eV, attributed to the linear
response of CaRbNaZ (Z = Si and Ge) to light frequency [46].
A significant portion of the light in the infrared (IR) and vis-
ible regions contributes substantially to the electronic transi-
tion. In the UV spectrum, within the 6 to 13 eV energy range,
the compound exhibits superluminal properties as the refrac-
tive index (n = c/v) drops below one. This indicates that the
velocity of the incident radiationv is greater than the speed
of light in a vacuumc [47,48].

The response of the present materials under incident pho-
ton radiation is also studied by calculating the reflectivity
R(ω), which illustrates the ratio between the reflected energy
and the total incident energy, as shown in Fig. 7e). Its values

Rev. Mex. Fis.71011001
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FIGURE 7. Computed results for a), b) real and imaginary parts of dielectric function, c) absorption coefficient, d) refractive index, and e)
reflectivity of CaRbNaZ (Z= Si and Ge).

increase from the zero edgeR(0) and reach maximum val-
ues of 53% in the visible and UV ranges, where absorption
is lowest, as shown in Fig. 7c). The high reflectivity values
of these materials suggest their potential use as reflectors in
optical devices. The reflection of light photons at varying an-
gles on the surfaces of the two materials causes differences in
peak intensity.

3.5. Thermoelectric properties

Utilizing semi-classical Boltzmann transport theories in the
BoltzTraP code [49], we examined various transport coeffi-
cients of CaRbNaSi and CaRbNaGe alloys in terms of electri-
cal conductivityσ/τ , Seebeck coefficientS, electronic con-
tribution of thermal conductivityκe/τ , and the figure of merit
ZT . Through the mBJ-GGA approximation, we drew the
variants of these coefficients for a temperature range of 200 -
1000 K close to the Fermi level.

3.5.1. Seebeck coefficient

The Seebeck effect of matter describes how electricity is cre-
ated between a thermocouple when subjected to a tempera-
ture gradient at the ends. The movement of charge carriers,
induced by this temperature gradient, results in the creation
of an electric current [50]. A high Seebeck coefficient is es-
sential for an efficient thermoelectric device.

Figure 8 demonstrates the Seebeck coefficient (S) as a
function of temperature, derived from the given expression
[51,52]:

S =
∆V

∆T
. (17)

FIGURE 8. Seebeck coefficient versus temperature for CaRbNaZ
(Z= Si and Ge).

The Seebeck coefficient for both composites is positive
S > 0, clearly indicating their p-type semiconductor nature
[53, 54]. Additionally, the highest Seebeck coefficient val-
ues for both compounds are observed at 600 K, with CaRb-
NaSi reaching around 252µV/K and CaRbNaGe achieving
approximately 254µV/K. This sharp increase in the density
of states around the Fermi level results in high Seebeck coef-
ficients, which is a crucial factor for the efficient performance
of thermoelectric materials [55]. For both compounds, be-
yond the temperature of 600 K, the Seebeck coefficientS
decreases as the temperature continues to rise.

3.5.2. Electrical conductivity

The relationship between electrical conductivity dataσ/τ per
relaxation time and temperature is shown in Fig. 9. As tem-
perature rises, electrical conductivity increases, which cor-

Rev. Mex. Fis.71011001
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FIGURE 9. Electrical conductivity versus temperature for CaRb-
NaZ (Z= Si and Ge).

responds with the semiconducting behavior indicated by the
band structure and total density of states (TDOS). The val-
ues of σ/τ attain maximum values of1.81 × 1019 and
1.61× 1019 ω·m·s−1 for CaRbNaSi and CaRbNaGe, respec-
tively, at 1000 K. At elevated temperatures, more electrons
are generated due to bond breaking, and these electrons pos-
sess higher kinetic energy. Primarily attributed to their in-
trinsically narrow-band gaps, these increases justify the suit-
ability of these alloys for thermoelectric applications such as
cooling, heating, and power generation.

3.5.3. Thermal conductivity

The equationK = Ke+Kph captures the thermal conductiv-
ity, which arises from two distinct contributions: the thermal
conductivity due to electronsKe and the thermal conductiv-
ity due to phononsKph. This dual contribution underscores
the comprehensive nature of thermal conductivity, highlight-
ing the significant roles of electrons and phonons in the heat
conduction process. The thermal conductivity due to free car-
riers constitutes the electronic part, whereas the temperature
rise induces lattice vibrations, contributing to the phononic
component [56].

This distinction highlights how both lattice dynamics and
free carrier movement play pivotal roles in overall thermal

FIGURE 10. Electronic thermal conductivity versus temperature
for CaRbNaZ (Z= Si and Ge).

conductivity. Due to the limitations of the classical theory-
based BoltzTraP code [57], the phononic contribution was
excluded, and only the electronic component was calculated
in our present results. Figure 10 illustrates the variation of
the electronic component of thermal conductivityKε/τ with
temperature. The quasi-linear profile reveals thatKε/τ in-
creases with rising temperature for both compounds. This
similarity is clearly reflected in the plots for both electrical
and electronic thermal conductivity. The findings are aligned
with the Wiedemann-Franz law:

Kε = LσT

whereL = 2.44× 10−8 W ·Ω · K−2 and denotes the Lorenz
number,σ is the electrical conductivity, andT is the ab-
solute temperature, correspondingly [58]. At room tem-
perature, the thermal conductivity values are approximately
6.76×1013 W/m·K·s for CaRbNaSi and5.83×1013 W/m·K·s
for CaRbNaGe.

3.5.4. Figure of Merit

A figure of merit (ZT) near or above one indicates that a mate-
rial is highly effective for use in thermoelectric devices [59].
Figure 11 shows the variation of ZT with temperature. For
both compounds, ZT remains relatively consistent across the
temperature range of 200 K to 1000 K, fluctuating between
0.77 and 0.82 for CaRbNaSi, and between 0.82 and 0.86 for
CaRbNaGe. At ambient temperature (300 K), the p-type di-
mensionless figure of merit for these materials is found to be
0.76 and 0.80 for CaRbNaSi and CaRbNaGe, respectively.

In general, ZT magnitudes are considerably higher
than those described in published research for QHAs like
CoFeXSn (X=Ru, Zr, Hf, Ta) (0.04 - 0.14) [60], FeCrYSn
(Y=Ti, Hf) (0.47, 0.61), FeCrYSb (Y=Ti, Zr, Hf) (0.55, 0.11,
0.13) [61], LaCoCrGa (0.40) [62], and CoRhMnAs (0.50)
[63]. The obtained merit factor values confirm that CaRb-
NaZ (Z=Si and Ge) may be used as alternative green energy
resources.

FIGURE 11. Figure of merit ZT versus temperature for CaRbNaZ
(Z= Si and Ge).
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4. Conclusion

In the present paper, a comprehensive analysis of the thermo-
electric, optical, elastic, electronic, and structural character-
istics of CaRbNaZ (Z = Si, Ge) compounds has been con-
ducted using Density Functional Theory (DFT) and Boltz-
mann transport theory. The negative values of the calcu-
lated formation and cohesive energies indicate that these al-
loys possess good chemical stability. Both compounds are
non-magnetic (NM) semiconductors with narrow-band gaps,
ranging from 0.49 to 1.00 eV, as revealed by the assessment
of their band structure.

According to the Partial Density of States (PDOS) plots,
the p-orbitals of the main group elements (Si and Ge) are the
major contributors to the density of states. The acquired elas-
tic parameters allow us to conclude that these compounds are
mechanically stable in a cubic phase and exhibit brittle be-
havior.

Due to their high suitability for producing solar cells and
optical devices, the quaternary Heusler alloys under exam-

ination demonstrate an outstanding absorption capability in
the visible and ultraviolet regions of the light spectrum. Fur-
thermore, both materials show improved thermoelectric per-
formance in the temperature range of 200 - 1000 K using
the BoltzTraP code. At ambient temperature, the p-type fig-
ure of merit values are found to be 0.76 and 0.80 for CaRb-
NaSi and CaRbNaGe, respectively, suggesting that both com-
pounds are excellent contenders for thermoelectric device ap-
plications.

This exceptional absorption capability in the visible and
ultraviolet regions of the light spectrum could pave the way
for experimental research on quaternary Heusler compounds
CaRbNaZ (Z = Si, Ge) semiconductors, particularly in the
production of solar cells and optical devices.

Declaration of competing interest

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

1. X. Zhang, L.-D. Zhao, Thermoelectric materials: Energy
conversion between heat and electricity,J. Mater. 1 (2015)
92. https://doi.org/10.1016/j.jmat.2015.01.
001

2. B.I. Ismail, W.H. Ahmed, Thermoelectric Power Generation
Using Waste-Heat Energy as an Alternative Green Technology,
Recent Pat. Electr. Eng.2 (2009) 27.https://doi.org/
10.2174/1874476110902010027

3. B.G. Levi, Simple compound manifests record-high thermo-
electric performance,Phys. Today67 (2014) 14.https://
doi.org/10.1063/PT.3.2404

4. A.D. LaLonde, Y. Pei, H. Wang, G.J. Snyder, Lead telluride
alloy thermoelectrics,Mater. Today14 (2011) 526.https:
//doi.org/10.1016/S1369-7021(11)70278-4

5. S. Yousuf, D.C. Gupta, Investigation of electronic, magnetic
and thermoelectric properties of Zr2NiZ (Z = Al, Ga) ferro-
magnets,Mat. Chem. Phys.192 (2017) 33.https://doi.
org/10.1016/j.matchemphys.2017.01.056

6. H. Lamkaouaneet al., Investigation of the different possible
energy band structure configurations for planar heterojunction
organic solar cells,Solid-State Electron.191 (2022) 108254.
https://doi.org/10.1016/j.sse.2022.108254

7. J.W.G. Bos, R.A. Downie, Half-Heusler thermoelectrics:
a complex class of materials,J. Phys. Condens. Mat-
ter 26 (2014) 433201.https://doi.org/10.1088/
0953-8984/26/43/433201

8. H. Kara, M.U. Kahaly, K. Özdǒgan, Thermoelectric re-
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