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ARTICLE INFO ABSTRACT

Keywords: In this study, the structural, electronic, mechanical, optical, and thermoelectric properties of the
First principles cubic half-Heusler compound ZrCoY(Y—Sb and Bi) obtained using first-principles calculations are
Electronic

presented. The following exchange-correlation functionals have been employed: Generalized
Optical and thermoelectric properties Gradient Approximation with Perdew-Burke-Ernzerhoff (GGA-PBE), Generalized Gradient
Half-Heusler alloys Approximation with Perdew-Burke-Enzerhoff for solids (GGA-PBESol) and Local Density
ZrCoY (Y = Sb and Bi) Approximation (LDA). Both ZrCoSb and ZrCoBi compounds are mechanically and dynamically
stable, based on the elastic and phonon properties analysis. The calculated electronic band gaps
for both compounds are about 1 eV, as predicted by all the three functionals. Since it is noted that
GGA-PBE functional is most favourable for predicting structural properties and the energetic
stability of ZrCoSb and ZrCoBi compounds, it is further used to calculate their thermoelectric
properties. Within the energy range of 0-40 eV, the refractive index, dielectric constant, and
energy loss function of ZrCoSb and ZrCoBi compounds are calculated. The possibility of electronic
transition from the valence band maximum (VBM) to the conduction minimum band (CBM) is
confirmed by the occurrence of absorption peaks in the visible range. For the evaluation of
thermoelectric properties, the p-type and n-type doping attained Seebeck coefficients of 1800 and
-1800 pVK ! at 300 K, respectively. The maximum peak of 17 x 10! W/m s K? is attained in n-
type doping, according to the power factor results.

Mechanical

1. Introduction

Heusler compounds have made substantial progress in the field of materials science [1,2]. Due to their properties, including half
metallicity, superconductivity, the Hall effect, ferromagnetism, and thermoelectricity, these substances have attaracted alot of
attention [1-6]. However, a Heusler alloy’s stability plays a significant role in evaluating whether or not it is appropriate for a certain
application. According to Born, one way to confirm a structure’s overall stability is to evaluate its mechanical stability through
theoretical calculations [6]. Density functional theory and the semi-classical Boltzmann approach have been used in some research on
half-Heusler (HH) substances [7-9]. The remarkable thermoelectric properties of MCoSb compounds (M = Ti, Zr, and Hf) were
recently found by Sekimoto and his team through experimental research. Their findings were in agreement with previously published
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experimental and computational results [10,11]. Additionally, MNiSn-based HH alloys (M = Ti, Zr, and Hf) have shown promise as
thermoelectric device materials [12,13]. When compared to other alloys, Zr-based HH alloys show the highest figure of merit
(ZT=0.8). However, there hasn’t been a lot of investigation into the stability of MNiSn and MCoSb HH alloys using various exchange
and correlation functionals. Coban et al. (2016) examined the elastic constants of HfCoSb within the context of density functional
theory using a particular kind of exchange and correlation approximation [14].

We are particularly interested in ZrCoSb, one of the MCoSb HH alloys, and we further substitute Sb with Bi to see how this sub-
stituition affects its characteristics. Zirconium (Zr), cobalt (Co), and antimony (Sb) atoms make up the compound ZrCoSb. It has
intriguing magnetic characteristics, especially a spin-polarized [3,15] ferromagnetic nature. The majority of its electron spins are
aligned in parallel, indicating that it has spontaneous magnetization. Different characterisation methods, such as magnetization
measurements, specific heat measurements, and neutron scattering investigations, provide experimental support for the spin-polarized
ferromagnetic nature of ZrCoSb [10,16].

To our knowledge, no theoretical research has been done on the selection of exchange and correlation functionals for examining the
physical properties of HH compounds. Additionally, these two compounds’ optical properties have not yet been studied. When
determining whether these compounds are suitable for solar energy harvesting, the optical properties—which include the real and
imaginary dielectric constants, refractive index, reflectivity, and energy loss function—play a key role. We present a thorough analysis
of the thermoelectric characteristics of ZrCoY (Y=Sb, Bi) compounds in this paper. In thermoelectric (TE) devices, the electrical
conductivity (o), thermal conductivity (K), and Seebeck coefficient (S), which are all temperature-dependent and affect the material’s
usefulness, all have an impact on the device’s efficiency. The figure of merit (ZT), which is defined by equation (1), represents the
maximum efficiency of the energy conversion process in the material at a specific temperature point.

N
ZT = X T (€]

K in this context refers to thermal conductivity, which often includes contributions from the electronic and lattice layers (Ke; + K)).
Electrical conductivity is represented by, temperature is represented by T, and S is the Seebeck coefficient.

The cubic half-Heusler compound ZrCoY’s structural, electrical, optical, and thermoelectric properties are all carefully examined in
this paper. It is discovered that the compound demonstrates mechanical and dynamic stability using first principles calculations.
Approximately 1 eV is found to represent the electronic band gaps, with little variance between functionals. Based on structural
characteristics, the PBE functional produces the best forecast. Within the energy range of 0-40 eV, computations are made to
determine the dielectric constant, refractive index, and energy loss function. The transition of electrons between the valence and
conduction bands is confirmed by the visible absorption peaks. By utilizing the BoltzTrap code to explore thermoelectric character-
istics, large Seebeck coefficients and a maximum power factor peak in n-type doping are discovered. Overall, this research offers
insightful knowledge on the properties and possible uses of ZrCoY molecules. The paper is set up like follows: In Section 2 we provide
information on the calculations performed for future reproducibility. The detailed analysis and discussions of the results are presented
in Section 3. Specifically, in Section 3.1, we discuss how the three different functionals affect the structural properties of ZrCoSb and
ZrCoBi. In Section 3.2, we examine the elastic constants and mechanical properties of the studied compounds using the three func-
tionals. The projected density of states (PDOS) and electronic band structures are explored and addressed in Section 3.3. The dynamical
characteristics of the compounds, including phonon dispersions, are covered in Section 3.4. We examine the optical response and
electron transport behaviour of the two alloys in Sections 3.5 and 3.6, respectively.

2. Calculations

The cubic half-Heusler compounds ZrCoSb and ZrCoBi, with equal lattice parameters a = b = ¢ and angles a = § =y = 90°, were
simulated in this study using density functional theory (DFT) [17,18]. The quantum ESPRESSO (QE) code, which is open-source and
cost-free software, was used for all calculations [19]. The local density approximation (LDA), the Perdew-Burke-Erzenhoff (PBE), and
the Perdew-Burke-Erzenhoff for solids (PBESol) flavors of the generalized gradient approximation (GGA) were each used separately to
account for the contribution of the core electrons . The semi-relativistic technique was utilized to analyse the semi-core states, and the
energy cut-off between the valence and semi-core states was set to 50.0 Ry. In the calculations, the spin-orbit coupling was not taken
into account. The electron-ion interactions were described using ultrasoft pseudopotentials [19]. After adjusting the atomic positions
to get the minimal energy configuration, the cut-off energy, k-points, and lattice constant were optimized. The Birch-Murnaghan
equation of state was fitted to the collected data [17], as shown in Fig. 2 (a-c) and 3(a-c)for ZrCoSb and ZrCoBi, respectively. The
optimal lattice constant was determined as the minimum value of the fitted curve. The optimal lattice constants are shown in Table 2,
and other physical parameters were computed using these values. Six two-dimensional supercells totalling 24 atoms were used to
evaluate phonon dispersion for the lattice dynamics. Three-atom unit cells were used to build the supercells, with one Zr, one Co, and
one Bi/Sb atom for each of the two compounds. The Phonopy programme was used to perform finite difference phonon computations
[18]. Using Quantum ESPRESSO’s Thermo-PW post-processing tool, the elastic constants were calculated [16]. The
Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBEGGA) was used for the thermoelectric characteristics, as indicated
in Section 3.1 of this study.
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3. Results and discussions
3.1. Structure of ZrCoSb and ZrCoBi

Fig. 1 illustrates the crystal structure of the half-Heusler alloy ZrCoY (Y=Sb, Bi). Zr (1/2,1/2,1/2), Co (1/4,1/4,1/4), and Y (Sb/
Bi) atoms’ respective Wyckoff locations are Zr (1/2, 1/2, 1/2), Co (1/4, 1/4, 1/4), and Sb/Bi (0, 0, 0). There is a gap in the fourth sub-
lattice at (3/4, 3/4, 3/4) [20,21]. It consists of four intercalated face-cantered cubic (FCC) sub-lattices.

Fig. 1 shows the crystal structures of the half-Heusler alloys ZrCoY —Table 1 contains the bond lengths that were calculated and
documented. In comparison to Zr-Bi/Sb, the bond lengths between Co-Sb and Co-Sb/Bi are shorter. Overall bond lengths are short,
indicating that the compounds have large bulk moduli. The computed bulk modulus values are described in Section 3.2.

In contrast to the values obtained by LDA, which are slightly underestimated, the lattice constants for ZrCoSb derived using the PBE
and PBESol functionals are identical and in good agreement with the experimental values published by Sekimoto et al. at room
temperature. It should also be observed that the ZrCoSb compound using all three functionals has lattice constants that are lower than
those of the ZrCoBi complex, indicating a small strain on the Co/Zr atoms from the higher mass of Bi. As the electronic band structures
in Figs. 4-9 suggest that the compounds are narrow-bandgap semiconductors, it will be discussed later in this study how this difference
affects the local bonding between the atoms and the resulting electronic structures. The fitted curve’s minimal value, as shown in Fig. 2
(a—c) and Fig. 3(a—c) for ZrCoSb and ZrCoBi, respectively, was used to determine the optimal lattice constant.

When computed using PBE and PBESol, the lattice constants for ZrCoSb are essentially identical and correspond fairly well with the
experimental values of 6.0676 a.u reported by Sekimoto et al. [3] but those produced using LDA are slightly exaggerated, as seen in
Table 2, at room temperature. It should also be noted that the ZrCoSb combination, which uses all three functionals, has lower lattice
constants than ZrCoBi, indicating that the larger mass of Bi caused a minor strain on the Co/Zr atoms. PBE calculations, on the other
hand, had the lowest ground state energy and the highest equilibrium V(, making them the preferred functional for calculating the
physical characteristics of Zr-based Half Heusler alloys.

3.2. Elastic constants and mechanical properties

Different elastic parameters of both ZrCoY compounds are calculated from the elastic constants using the Voigt Reuss, and Hill
averaging [3,22,23]. The obtained elastic constants are shown in Table 3. The presented elastic constants values

of both compounds indicate that the Born-Huang stability criterion (C11 > 0, C44 > 0, C11-C312 > 0, and C1; + 2Cq5 > 0) is satisfied.
Therefore, it is predicted that the HH compounds ZrCoY (Y=—Sb, Bi) are mechanically stable. Both ZrCoY compounds have higher C;;
values than C;5 and Cy4, indicating resistance to compression along the X axis.

ZrCoSb and ZrCoBi have bulk moduli of 142.2 GPa and 142.1 GPa, respectively. These values are close to those obtained using
Murnaghan’s equation of state (136.6 GPa and 136.1 GPa, respectively). The ZrCoSb material’s high bulk modulus exhibits both its
incompressibility and great bond strength. The hardness of ZrCoSb and ZrCoBi is indicated by the estimated shear moduli, which are
79.9 GPa and 71.3 GPa, respectively. Sadly, there are no elastic constants or elastic moduli data for ZrCoBi, which makes direct
comparison challenging. Given that ZrCoSb has a greater Young’s modulus value of 202.6 GPa compared to ZrCoBi’s 183.4 GPa,
ZrCoSb is stiffer than ZrCoBi. ZrCoBi and ZrCoSb are both ductile materials, according to the Pugh ratio (B/G), which has a value of
1.77 and 1.99, respectively. For Poisson’s ratio (v) to be more than 0.26, it denotes ductility; otherwise, it denotes brittleness.

Since ZrCoSb’s predicted Young’s, modulus is greater than the observed data, covalent bonding appears to be the most common
kind of bonding. Strong covalent bonds are a sign of stiffness in a material.

Fig. 1. The crystal structures of Half Heusler alloys ZrCoY
(Y=Sb,Bi).
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Table 1
Calculated bond lengths for ZrCoY (Y—Sb,Bi).
Bonds Zr-Co Co-Sb/Bi Zr-Sb/Bi XC
Bond Lengths [?N) 2.64 2.64 3.05 PBE
2.64 2.64 3.05 PBESol
2.97 2.97 3.43 LDA
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Fig. 4. (a) LDA Calculated Band structures and (b) Projected Density of States (PDOS) for ZrCoSb.
3.3. Electronic properties
The electronic band structures were calculated to examine the electronic characteristics of ZrCoBi and ZrCoSb compounds. The

electronic band structures of both compounds demonstrate that they are indirect band gap semiconductors, since their VBM (CBM)
appears at the K (X) high-symmetry points, as shown in Figs. 4-9. Furthermore, these calculations show that these compounds have
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Fig. 5. (a) GGA-PBE Calculated Band structures and (b) Projected Density of States (PDOS) for ZrCoSb.

(a) (b)
3
\ R\ Zr3d
> V&/>MW bt
s L /\ | Sb3p
- 0 /Mg ...................................... Ee
2 -1 ;: | A ] R
= L N ]
ll:l P—
3E N %
-4 } —/\/—\/ 4
s 1 \/\
-6
r x K L w X

(a) (b)

.< L~ Zr3d
Co4d
Bi2p

K%&K%
3 ¢

-3
4} \\.
/1
.s S
-6
r X K rL w X

Fig. 7. (a) LDA Calculated Band structures and (b) Projected Density of States (PDOS) for ZrCoBi.

strong reflectivity in the infrared region of the photon energy spectrum. Phonon vibrations increase the conductivity of indirect
bandgap semiconductors; this topic will be covered in more detail in Section 3.4, focusing on the phonon vibrational characteristics of
these compounds. The band gap of the ZrCoY compounds is just above 1 eV, demonstrating their non-metallic electronic nature.
Table 5 shows the magnitude of band gaps calculated from the three functionals.

Comparing the band gaps predicted by the GGA-PBESol approximation to the reported experimental values, it is clear that the latter
are less accurate. However, there is a small variance between theoretically derived and experimentally measured bandgaps. There are
several reasons for this. The projected bandgap can deviate because theoretical calculations frequently include approximations and
assumptions that don’t accurately reflect the complexity of the actual system [24]. The differences may also be a result of ignoring
electrical correlations and the impact of temperature and pressure [10]. The presence of structural flaws, contaminants, and tech-
nological limitations in the experiment can potentially have an impact on the observed band structure and measured bandgap.
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Table 2
Calculated structural properties for ZrCoY (Y—Sb,Bi).
Structural Properties ZrCoSb ZrCoBi
LDA PBE PBESol LDA PBE PBESol
Lattice Parameters ao(A) 11.293 11.546 11.367 11.490 11.775 11.596
Bulk modulus B,(GPa) 153.8 127.6 142.6 134.4 114.8 125.4
Ground state energy E, (Ry) —410.77 —582.75 —575.10 —545.79 —583.00 —575.41
Equilibrium volume 358.07 383.46 366.63 381.61 408.24 389.91
V, (a.u)®
Table 3
The calculated Elastic Constants and Mechanical Properties of ZrCoBi and ZrCoSb compounds obtained using GGA-PBE, GGA- PBESol and LDA.
Compound Cn1 C12(GPa) Caq B (GPa) G (GPa) B/G E (GPa) n @p XC
(GPa) (GPa)
>ZrCoSb 35.5 85.5 111.2 95.8 1.16 223.3 0.165 419.17 LDA
262.3 68.1 69.7 133.3 79.9 1.66 199.8 0.250 392.12 PBE
243.5 10.6 82.0 88.3 94.3 0.93 208.7 0.105 414.26 PBESol
ZrCoBi 198.0 56.9 75.1 69.8 82.9 0.48 178.2 0.074 340.30 LDA
322.2 150.3 52.7 207.6 64.2 3.23 174.7 0.359 312.75 PBE
159.6 22.8 58.3 37.9 69.8 054 129.8 0.072 308.82 PBESol
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Table 4
Calculated bandgaps using LDA, PBE, and PBESol in comparison to experimental gaps.
Materials Calculated Band gaps
LDA PBE PBESol Expt
ZrCoSb 1.1095 1.0765 1.1123 1.45
ZrCoBi 1.0738 1.0416 1.0751 -
Table 5

Calculated static dielectric constant, optical band gap, static refractive index n (0), static reflectivity R (0), and static loss function L (0) for ZrCoSb and
ZrCoBi, using LDA, PBE, and PBESol XC functionals.

Compound XC £1(0) AEoG n (0) R (0) L (0)

ZrCoSb LDA 19.3 1.26 4.391 0.395 0.000335
PBE 19.7 1.36 4.435 0.399 0.000347
PBESol 19.2 1.23 4.376 0.394 0.000332

ZrCoBi LDA 20.8 1.44 4.557 0.409 0.000331
PBE 21.1 1.55 4.593 0.413 0.000344
PBESol 20.6 1.41 4.536 0.408 0.000330

Advanced theoretical techniques are needed to improve the agreement between theoretical and experimental bandgaps [21], which
are computationally expensive.

Fig. 4b through Fig. 9(b) ’s projected densities of states show that Zr predominates in the alloys’ valence and conduction bands. But
in ZrCoBi, Bi dominates in the valence band at energies between —6 and —2 eV. In addition, ZrCoBi exhibits a dramatic rise in state
density close to the valence band maximum, which denotes a high thermal power. Table 4 provides a comparison between experi-
mental bandgaps and bandgaps derived from the three functionals, namely LDA, PBE, and PBESol.

3.4. Lattice dynamics

The thermodynamic stability, phase transitions, and potential effects on a material’s physical properties can all be considered when
interpreting the phonon curve [23,24]. Here, the behaviour and features of the material’s internal lattice vibrations are taken into
account [34]. Quantized lattice vibrations called phonons are essential in determining the thermal and mechanical behaviour of solids,
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Fig. 10. The computed phonon dispersion curves and densities of states for
ZrCoSb and ZrCoBi.
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among other features. The phonon curve for thermodynamic stability sheds light on a material’s stability by analysing the frequencies
and intensities of its vibrational modes [24].

A stable substance often displays a clear, continuous phonon spectrum free of phantom frequencies. The lack of fictitious fre-
quencies proves that the lattice vibrations are genuine and do not cause instability or decay.

Phonons significantly affect a material’s physical characteristics. The phonon spectrum, for instance, has a significant impact on the
thermal conductivity and thermal expansion coefficients due to modifications to the lattice structure or phase transitions that change
the phonon curve [25]. In addition, excitation interactions between electrons and phonons can change material’s band structure
leading to alteration in electronic characteristics. Resulting in phenomena like electron-phonon coupling and the formation of su-
perconductivity or other electronic phase transitions.

Understanding a material’s thermodynamic stability, phase transitions, and potential effects on its physical properties can be done
by interpreting a phonon curve. Based on phonon spectrum, researchers can better understand a material’s stability, phase transitions,
mechanical, and electrical properties by examining the frequencies, intensities, and behaviour of lattice vibrations. In this study, the
phonon dispersions were established, and the dynamical stability was examined. These calculations were carried out using Phonopy
and the Quantum ESPRESSO package. Fig. 10s findings show that neither compound’s cubic phonon spectrum has any imaginary
frequencies, supporting the compounds’ dynamical stability. Lattice vibration research sheds light on how solids absorb energy. The
estimated phonon dispersion curves and state densities for ZrCoSb and ZrCoBi are shown in Fig. 10(a)-(d).

A general method can be used to choose the optical and acoustic modes from a phonon dispersion curve. We start by locating the
low-frequency portion of the curve for acoustic modes. Then, branches near high-symmetry sites, like the -point, that show a linear or
quadratic dispersion should be taken into account. Compared to optical modes, acoustic modes often propagate at lower frequencies
and wavevectors. Therefore, the longitudinal (LA) and two transverse (TA) modes, which are the lowest-frequency and low-wave
vector acoustic modes, can be represented by three branches [18]. On the other hand, one should concentrate on branches
showing a nonlinear dispersion curve for optical modes. When compared to acoustic modes, optical modes typically propagate at
higher wave-vectors and frequencies. So, it makes sense that branches that differ from the linear or quadratic behaviour seen in
acoustic modes are of interest. Our studied longitudinal optical (LO) and two transverse optical (TO) modes is represented by choosing
the six branches corresponding to the highest-frequency and high-wavevector optical modes. These recommendations make it easier to
recognize and categorize acoustic and optical modes from the phonon dispersion curve [23].

When compared to acoustic modes, optical modes typically propagate at higher wave-vectors and frequencies. So, it makes sense
that branches that differ from the linear or quadratic behaviour seen in acoustic modes are of interest. The LO and two TO modes can be
represented by choosing the six branches corresponding to the highest-frequency and high-wavevector optical modes. These rec-
ommendations make it easier to recognize and categorize acoustic and optical modes from the phonon dispersion curve.

3.5. Optical properties

Solids’ optical characteristics can be used to illustrate how they interact with light. The parametrized dielectric function ¢(®)
reflects how physically material’s electrons react to electromagnetic radiation. Equation (2) separates e(®) in terms of real portion €1
(o) and imaginary potion £2(o).

e(w)=¢(w) +ier(w) 2)

Other optical quantities such as absorption (a(®)) using equation (3) and refractivity (n(®)) using equation (4) mainly come from
€1(®) and ey(w). Equation (5) is used for derivation of extinction coefficient (K(w)), (6) is used for the loss function (L(®) and (7) derive
the reflectivity (R(w)).

a(w) = (we%(w) +&(w) — e (w)) " 3)

¥
n(w) = m( &) + sg(cu) —g (w)> .
Vb
K(w) = \/2—w< el(w) + eé(w) - el(w)> .
_ &al)
L) =20 + 8@ o
(-1 +K
R(w) 7(n T 1)2 T K2 o

From the above equations, the following relations were obtained.
The e2(w) describes absorption of a photon in our ZrCoSb and ZrCoBi compounds materials. The noted sharp peaks in the e2(®)
curves are used to indicate the electronic transitions from the VBM to CBM of ZrCoSb and ZrCoBi. The band gaps of the ZrCoSb and
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ZrCoBi materials that fall within the visible region (<3.1 eV) are indicated by the commencement of the absorption in the a(®) curves
shown in Fig. 11(c) and Fig. 12(c).

Strong inter-band transitions are indicated by the band gaps for ZrCoSb and ZrCoBi employing the three functionals, which range
from 1.23 eV to 1.55 eV in Table 5 (see Fig. 13). ZrCoSb and ZrCoBi are appealing alternatives for solar applications because of these
band gaps. Additionally, compared to wider band gaps, narrower band gaps enable faster electron transitions [26]. The gaps in the
bands line up with the spaces in the band structures.

The static value ¢1(w) (at energy = 0 is a crucial aspect of the £1(®) curve. There is a relationship between this static value and n(®»)
of the substance. Figs. 11(a) and Figure 12(a) show the primary peaks of the £;(®) plot for ZrCoSb and ZrCoBi, respectively, in energy
regions greater than 1.5 eV and 2.7 eV, starting at energy (0). Photon transmission continues in the 8-12 eV energy range until the
e1(w) values go negative. In this energy area, we notice the full attenuation of the incident photon radiations, and the ZrCoSb and
ZrCoBi compounds behave semi-metallically, according to Murtaza (2011) [27].

Table 5 lists the calculated various refractive indices that are obtained at zero energy level from the n(®) curves in Figs. 11(c) and
Figure 12(c). In the visible zone, the primary refractive index peaks are observed. Strong optical absorption is seen in the low energy
range of 3.0 eV-3.2 eV for ZrCoSb and ZrCoBi. These compounds’ optical absorption coefficients span the UV-Vis regions, indicating
that they are appropriate for photovoltaic applications.

These compounds are well suited for solar applications since the calculated absorption coefficients in the energy range of 2.0
eV-13.6 eV cover a sizable section of the electromagnetic spectrum. The surface behaviour of the materials and the energy loss caused
by quickly entering electrons are determined by the reflectivity curves shown in Figs. 11(d) and Figure 12(d), as well as the L curves
shown in Fig. 12(b) and (b). The principal reflectivity peaks for ZrCoSb and ZrCoBi are located in the energy ranges of 6 eV-11 eV and
2 eV-6 eV, respectively, according to each of the three functionals. Reflectance decreases beyond these boundaries.

Both compounds’ loss spectra in Fig. 12(b) and (b) don’t exhibit any appreciable visual absorption. ZrCoSb and ZrCoBi have
principal absorption peaks that are located at higher energies (respectively, >12 eV and >10 eV). Unfortunately, a direct comparison
of the optical results cannot be made since ZrCoBi lacks experimental and theoretical data. However, the optical results obtained for
ZrCoSb are consistent with those published by Chauhan et al. [10]. Fig. 11(e) and (e) show the refractivity n (0), while Fig. 11(f) and (f)
show the extinction coefficient K (.), for ZrCoSb and ZrCoBi, respectively. Table 5 lists the computed static refractive indices n (0),
optical band gaps AEpg, and static dielectric constants &1 (0).

3.6. Thermoelectric properties

The thermoelectric properties of ZrCoSb and ZrCoBi have been computed using the Boltzmann transport model, which is imple-
mented in the BoltzTrap code, throughout the temperature range of 300-800 K. The Seebeck coefficient (S), electrical conductivity
(Ke), power factor (PF), and dimensionless Figure of Merit (ZT) are some of the thermoelectric parameters that are covered in this
study.

Fig. 14 demonstrates how changes in temperature and energy affect the electrical conductivity and electronic conductivity over
time. With a gradient that is steeper for positively increasing energies than for more decreasing energies, both compounds exhibit the
same pattern. This demonstrates that although n-type compounds carry electricity, they have poorer electronic conductivity than p-
type ones.

The electronic and electrical conductivity per relaxation time is zero in the energy range between —0.5 and + 0.5; above this range,
it increases in both cases.

The Seebeck coefficient, a measure of thermoelectric efficiency, increases initially with increasing energy, reaches a maximum
value, and then decreases drastically. The Seebeck coefficient peaks are in the energy ranges of —0.5 to +0.5, as shown by Fig. 15(a and
b). The curves often reach zero beyond this area. Both n-type and p-type ZrCoSb alloys have their highest peak doping at 1500 VK 1.
The ZrCoY alloy has good thermoelectric characteristics since the peaks are still discernible at 800 K. . The heights of the peaks often
decrease as the temperature rises. These alloys have the potential to be used in thermoelectric applications because their computed
Seebeck coefficient values are equivalent to those of other half-Heusler alloys like MCoSb (M = Ti, Zr, and Hf) and MNiSn (M = Ti, Zr,
Hf).

The power factor, which affects the overall performance of thermoelectric materials, is demonstrated by the change in power factor
with energy at different temperatures in Fig. 15(c and d). ZrCoSb and ZrCoBi both perform well as thermoelectric materials based on
their power factors. The maximum power factor is reached for n-type doping at 800 K at 17 x 10! W/m s K2, whereas for p-type
doping at 800 K it is at 9 x 10! W/m s K2.

Maximum power factors of 1.8 x 10! W/m s K2 and 2 x 10! W/m s K? for n-type and p-type ZrCoSb at 300 K are reported,
respectively. When n-type doping is used at 800 K, the greatest power factor for ZrCoBi is seen to be 19 x 10! W/m/sK? and 7 x 10!
W/m/sK2, respectively. The maximal power factors for n-type and p-type ZrCoBi at 300 K are 1.5 x 10*! W/m/skK? and 1.3 x 10*! w/
m/sK?, respectively. ZrCoBi has a larger power factor at 800 K than ZrCoSb, indicating that its electrons are more thermally stimulated
to the conduction bands.

Therefore, ZrCoBi is a preferable option for thermoelectric (TE) applications if the power factor (PF) is thought to be a good way for
reaching high efficiency (ZT) in thermoelectric materials.

Fig. 15(e and f) plots the dimensionless figure of Merit (ZT) against the chemical potential at each temperature. It is remarkable that
even at room temperature, ZrCoY has a high Figure of Merit (ZT ~ 0.5). ZT has a decreasing value as temperature rises, which is
explained by the large impact of phonon contribution on thermal conductivity (k). At 800 K, both compounds achieve their highest ZT,
with ZT ~ 0.85.
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(a) ZrCoSh electronic thermal conductivity against energy (b) ZrCoBi electronic thermal conductivity against energy
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Fig. 14. (a-b) K, and (c-d) a/7 of the ZrCoY TE materials as a function of temperature.

4. Conclusion

The half-Heusler alloys ZrCoSb and ZrCoBi have been thoroughly examined in this study in terms of their structural, electrical,
mechanical, dynamical, optical, and thermoelectric properties. Density functional theory (DFT) computations were carried out uti-
lizing the GGA-PBE, PBESol, and LDA approximations.

For elastic constants, mechanical properties, electronic band gaps, and optical properties, the results from the three approaches
were in fair agreement with one another and with the experimental data that was at hand. The GGA-PBE approximation, however,
produced the lowest ground state energies for both ZrCoY compounds, demonstrating its applicability for computing the half-Heusler
family’s physical properties.

The material’s mechanical properties were confirmed by the computed values for bond strength, hardness, and stiffness as well as
by the bulk modulus, shear modulus, and Young’s modulus. The compounds behave as semiconductors for both electrical and optical
conduction because the optical band gaps, which were calculated using the imaginary component of the dielectric function, were
discovered to be near to the energy band gaps. The optical characteristics changed with photon energy, pointing to possible opto-
electronic and thin film growth applications.

By calculating the Seebeck coefficient, electrical conductivity, power factor, and dimensionless Figure of Merit (ZT), ZrCoSb/Bi
alloys’ thermoelectric performance was studied . At 300 K, the Seebeck coefficients for the n-type and p-type doping were 1800 and
-1800 uVK %, respectively. In n-type doping, the greatest power factor peak of 17 x 10'! W/msK? was obtained . At 800 K, the ZT value
for the ZrCoY alloy was found to be high (0.85). Because of these compounds’ advantageous optical and thermal responses, it is
possible that they could be used in optoelectronic and thermodynamic devices.
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