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Abstract

Structural, opto-electronic and thermoelectric properties of YbZn,Y, (Y=P, As, Sb, Bi) compounds were determined by
employing the full-potential linearized augmented plane wave plus local orbitals method (FPLAPW+lo). The modified Becke-
Johnson exchange (mBJ) potential was adopted for the investigation of the band structures and the density of states. Through
the mBJ technique, the compounds show metallic or semi metallic and semiconductor nature. In the total density of states
(TDOS), the major participation is due to Yb-d and Yb-f states. Optical properties were determined in terms of real and
imaginary parts of the dielectric function, refractive index, reflectivity, absorption coefficient, dielectric function and optical
conductivity. It is evident that the YbZn,P, compound shows the highest value of the figure of merit (ZT). The results indicate
that these materials with strong thermoelectric capabilities are the most promising candidates for potentially effective optical
and thermoelectric innovations.
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1. Introduction devices in thermoelectric (TE) technology, thermoelectric
In recent decades, thermoelectric materials (TEs) have materials convert the waste thermal energy and solar energy
attracted much attention in the scientific community due to into electrical energy without any additional energy
their unique ability to convert heat directly into electrical consumption and are intensively investigated because of their
energy without releasing harmful chemicals into the numerous applications in industrial waste heat recovery,

environment. The fundamental materials for power generation power — generation, solid-state  cooling and  space
technologies.*] The term figure of merit (ZT) is used to

1 Material Modelling Lab, Department of Physics, Islamia College ~ describe the performance of TE material, and it is given by ZT

Peshawar, KP 25000, Pakistan. = S20T/x, where S, o, k and T represent the Seebeck
2 physics Department, College of Science, University of Basrah, ~ coefficient, the electrical conductivity, the thermal
Basrah 61004, Iraq. conductivity and the absolute temperature, respectively. The «
3Shatt Al-Arab University College, Basra, Iraq. value usually emanates from two sources, i.e., the electronic

4 Center of Excellence Geopolymer and Green Technology contribution ke, which is proportional to o based on the
(CEGeoGTech), University Malaysia Perlis, Perlis, Kangar 01007, Wiedemann—Franz relatlonshlp, and the lattice contribution

Malaysia. k1.1481 High-performance TE materials are estimated to retain
5 Faculty of medicine, Charles University, Pilsen 30100, Czech 10w K, and one of the actual solutions for high ZT is the
Republic. exploration of alloy materials with inherently small k values.
6 Faculty of Material Science and Engineering, Kunming University ~ On the other hand, the relation between S and ¢ is important
of Science and Technology, Kunming 650093, China. because these parameters are coupled and generally work in
7 Department of Physics, RIPHAH International University Lahore, ~ reverse directions. The term “power factor (PF)” is defined as
Lahore 45320, Pakistan. S%c, and a high PF is required to better describe the electronic
8 Department of Physics and Astronomy, College of Science, King ~ and transport properties.”! Zintl compounds have been
Saud University, Riyadh 11451, Saudi Arabia. reported as a good candidate for thermoelectric applications
*Email: maalidph@yahoo.co.uk (A. H. Reshak) due to their distinctive characteristics. The complex crystal

geometry and rich crystal chemistry make them responsive to
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precise transport properties.[” Zintl compounds, classified by
their covalently bonded substructure, encircled by highly
electropositive cations, have recently fascinated consideration
due to their complex crystal structure.l!

In the Zintl family, AB2Xz (A=Ca, Yb, Eu, Sr; B=Zn, Mn,
Cd; X= Sb, Bi) type compounds show more attention due to
their high thermoelectric efficiency '*-'2' YhX,Sh, (X= Mg, Zn,
M and Cd) Zintl phases prepared by ball milling and hot
pressing showed high thermoelectric performance.!’! The
material that possesses a high S, high o, and low « should have
a high thermoelectric performance.l'+'sl These properties are
closely consistent and even inconsistent with each other. In
semiconductors, the S is high, while the carrier concentration
is low. In metals, the o is found to be high. The parameter «
consists of two parts: electronic part ke and lattice part «l,
which have a great influence on ZT. Electronic thermal
conductivity is closely related to electrical conductivity via the
relation ke = LoT, where L is Lorenz number. The «l
component is lattice thermal conductivity, which reflects the
characteristics of phonon transport features, and it can be
reduced without noticeably affecting the thermoelectric
performance.l't1211 The transport properties of p-type
Ba,ZnXa(X= Sh, As, Bi) were calculated by means of first
principle calculation.!'! YbX,Y, (X=Mg, Zn, Y= As, Sh, Bi)
compounds have a tetragonal structure and belong to the Zintl
family. A comprehensive study of these compounds is
essential for exploring their potential for practical devices. In
the present work, an extensive analysis of electronic, optical
and thermoelectric properties is conducted using the density
functional theory (DFT) framework. Generalized gradient
approximation  (GGA) and  generalized  gradient
approximation plus Tran-Blaha modified Beck and Johnson
(GGA-mBJ) potentials are used to provide a broad
understanding of these compounds.>'1 WIEN2k code is used
for the electronic and optical properties, and BoltzTrap is used
to calculate the thermoelectric properties. The optimized cell
parameters are used for the calculations of structural, optical,
and thermoelectric properties.

2. Computational methods

First-principles calculations based on DFT within the mBJ
approximation, the full-potential augmented plane waves (FP-
LAW-+lo) method is implemented in the WIEN2K code.2"!
The mBJ exchange and correlation energy of electrons were
used to find out the Kohn Sham equation.2 This is one of the
most efficient and reliable methods to find out the ground-state
properties based on DFT. To observe the structural relaxation,
optimization, and enhanced accuracy of the band gap, we
performed a modified Becke-Johnson exchange potential mBJ.
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Using Boltzmann transport theory,?2 the electrical
conductivity, electronic thermal conductivity, Seebeck
coefficient, and electronic transport coefficient can be easily
investigated. Furthermore, the Boltzmann transport theory of
phonons can be used to acquire the lattice thermal
conductivity.l'"® An acceptable degree of convergence was
accomplished by analyzing a number of FP-LAW build
functions up to the RMT Kmax = 8, where Kmax is the
magnitude of the greatest K-vector, and RMT is the slightest
radius of the muffin-tin spheres.

3. Results and discussion

3.1 Structural properties

Ternary Zintl compounds with the composition YbZn,Y>
(Y=P, As, Sh, Bi) and space group (No. 164) are predicted by
using the volume optimization process (Fig. 1). Unit cell
energy is minimized compared with fluctuations in the volume
of the cell. At optimized volume, different structural
parameters, such as lattice constant, ground state energy, unit
cell volume, bulk modulus and its derivative, are obtained and
listed in Table 1. The crystal structure for YbZn,X:
compounds is shown in Fig. 2.
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Fig. 1 The optimized energy verses volume (a.u)® for YbZn,X»
(X=P, As, Sb and Bi) compounds.
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Fig. 2 Crystal structure of YbZn,X> compounds.
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Table 1. The structural parameters, a(A), c(A), the pressure derivative (B"), the Bulk Modulus B(GPa), the optimized volume V, and

the ground state Energy E, along with its experimental values.

Compounds aA)  c(A) 2 (A) ¢ (A] Vo B [GPa] B~ E,

Calculated Exp Exp
YbZnzP2 411 6.96 689.716 314.73 5.000 -36705.047925
YbZnzAs: 416  7.02 710.779 64.621 5.000 -44380.927308
YbZnzSh2 4.46 7.44 4.4424° 7.418¢ 868.2685 50.746 5.000 -61270.961542
YbZn2Bi2 4.67 7.49 956.707 44.043 5.000 -121662.530095

*Ref. [22], Ref. [23].

3.2 Electronic properties

In this work, we perform a self-consistent calculation using the
mBJ functional. We calculated the band structures in order to
analyze the optical feedback of these materials. Through the
technique of mBJ the YbZn,As;, YbZn,Sh, and YbZn;Bi,
compounds show a metallic or semi metallic nature, and
YbZn,P, shows semiconductor nature with very small indirect
energy gap (Table 2, Fig. 3). These materials are very suitable
for thermoelectric applications. This surprising behavior may
be due to the position of the f-state of Yb atom. Moreover,
there appeared two valleys in I', M directions, which leads to
a high-power factor (=S2c), as previously revealed.?12

Table 2. The energy band gaps in YbZn,X,(X= P, As, Sb and Bi)
compounds, as calculated using TB-mBJ.

Compounds Eg (eV)
YbZn2P2 0.09
YbZnzAs2 Metal
YbZn2Sh2 Metal
YbZn2Bi2 Metal

3.3 Density of states

The total densities of states (TDOS) and partial densities of
states (PDOS) of the YbX,Y2compounds (X =P, As, Sb, and
Bi) are presented in Fig. 4. As obtained using the TB-mBJ
functional. It is seen that in all compounds, the main
contribution is the f-states of the Yb atom. If the graphs are
observed carefully, then it is seen that the main contribution in
the conduction band is due to Yb-d states and Zn atoms. In
contrast, in the valence band, the dominant contribution is of

Yb-f states and pnictogen group (X = P, As, Sb, Bi) atoms,
with very little contribution from the Zn atom.

3.4 Optical properties
The YbZnoX, (X= P, As, Sb and Bi) compounds might be
promising solar cell absorbents. To investigate the possibility,
we calculated the important optical properties, including
complex dielectric function, reflectivity, complex refractive
index, reflectivity and optical conductivity of the understudied
materials. The complex dielectric function is expressed
below.[?
£(w) = & (w) + ig(w) (1
The frequency-dependent polarization and absorption of a
material are characterized and quantified in terms of the
dielectric function &(®). The real part, €;(®), describes the
material's electric polarization in response to an external
electric field. The Kramers-Kronig equation is utilized to
compute this real part.?4
e(w) =1+=2P [?228dw )
Identification of the frequency-dependent imaginary part,
&2(w), within the equation allows for the inference of the
absorptive behavior of the material. 2@ Subsequently, the
frequency-dependent &2(w) in crystals with cubic symmetry is
expressed as: 2]
£2(@) = 33 S Jyg | Pan ()7 520 (3)
The dipole matrix element, denoted as [Pna(k)|, signifies the
transition between the first and last states, with Sk representing
the constant value in terms of energy surfaces, and ®nn (k)
representing the energy difference between the two states.
These optical properties play a crucial role in the design and
development of optical devices.?”?8 The calculated real and
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Fig. 3 The band structures of YbMg»X, (X=P, As, Sb, Bi) compounds, as calculated using TB mBJ.
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Fig. 4 The electronic DOS calculated using the TB-mBJ functional for YbMg»X, (X = P, As, Sb and Bi) compounds.

imaginary parts of the dielectric function are given in Fig. 5(a)
and (b), which identify the optical dielectric response function
for YbZn,X, (where X belongs to the pnictogen family)
compounds in the energy range of 0 to 10 eV. Also, the
maximum values for the real and imaginary parts of the
dielectric function are determined. In Fig. 5a are the static
dielectric functions €1 (0) rise from YbZn,P, to YbZn,Bi, as
expected. Sharp peaks of €l (w) are noted for YbZn,P»,
YbZnyAsz, YbZn,Sb, and YbZn,Bi,, which are to be 16.50,
14.20, 17.50 and 22.01 at energy points 3.11, 3.03, 2.68 and
2.08 eV from P to Bi, respectively. The energy ranges of the
studied compounds occur in the visible region of the spectrum.
However, in Fig. 5(a), it is difficult to find 17.50 and 22.01 at
2.68 and 2.08 eV. In Fig. 5(b), we display the imaginary part
&(w) of the optical dielectric function as a function of energy,
which is the sum of total ground state transitions from the
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Fig. 5 The calculated (a) Real €l(w) and (b) Imaginary €2(w) parts

compounds.
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occupied states of the VB to the unoccupied states of the CB.
These spectra start from the fundamental transition edge,
which is the excitation of electrons from the maximum of the
valence band to the minimum of the conduction band. This
fundamental transition is called the threshold point. Beyond
this point, the curve increases sharply due to large interband
transitions.

The refractive index is the ratio between the speed of light
in a vacuum and the speed of light in a medium. The calculated
dispersive refractive index of YbZn,X> (X =P, As, Sb and Bi)
compounds is shown in Fig. 6. The curves follow the real parts
of dielectric functions. At zero frequency, the refractive index
values n (0) is 4.0 at 3 eV for YbZn,P», 4.1 at 2.9 eV, for
YbZnyAsy, and 4.7 at 2.8 eV, for YbZn,Sb,. However, the
refractive index of YbZn,Bi; is from its starting point, i.e., 6.1,
due to the modified extra metallic transition.
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of dielectric functions of the YbZn,X, (X= P, As, Sb, Bi)
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Fig. 6 Dispersive refractive index obtained for YbZn>X, (X=P, As,

Sb, Bi) compounds.

When light falls on a metal surface, it increases the energy
of the electrons on the surface, and the photons are absorbed
inside the metal. The absorption coefficient I (w) relates the
incident and absorbed photons. Fig. 7 points out the interaction
and absorption of photons within a material. Looking carefully
into the figure, the absorption coefficient greatly affects the
incident photon, which increases with increasing incident
photon energy. For (Zn) base elements of our present research
compounds, the plots indicate that the highest value of
absorption coefficient for the zinc (Zn) compounds YbZn,X>
(X= P, As, Sb and Bi) are plotted. The highest peaks for
YbZn,P2, YbZnoAss, YbZnoSbs and YbZn,Bi, compounds are
9000 cm™!, 70600 cm™, 10900 cm!, 90400 cm’!, respectively.
The reflectivity (R(®)) can be mathematically expressed in
terms of €1(w) and &x(®) as given below.?%31

n() = Z e @) + @3 +a@]172 @

k@) = a2 + @i -a@l2 G
(n—1)2+k?

R = Gornia ©

The reflectivity (R) is influenced by the refractive index (n)
and extinction coefficient (k) of the material, as evident from
the aforementioned equation. This implies that the reflectivity
is affected by the speed at which electromagnetic radiation
propagates within the material, as well as the rate at which the
incident electric field amplitude decays or is damped.

Reflectivity is basically the optical property of a material,
which is the intensity ratio of an incident and reflecting light.
Reflectivity R(w) (Fig. 8) details a material's surface

properties. For Zintl compounds at zero frequency reflectivity
R(0), the reflection found is 34%, 36%, 42% and 53%, while
the values of reflectivity R(w) are 54%, at 7.5 eV, 54% at 7.4
eV, 60% at5.9 eV, and 58% at 4.0 eV for YbZn,P,, YbZn,As,,
YbzZn,Sh,, and YbZn,Bi>. As clear from the curves, these
compounds have high thermoelectric properties in regions
with high reflectivity due to their potential to avoid solar
heating. The optical parameters obtained for Zintl compounds
Ybzn,Y, (X=P, As, Sb, Bi) are shown in Table 3.

4. Transport properties

For the studied compounds, we evaluated the thermoelectric
transport properties to investigate how waste heat transformed
into useful electrical energy. For this purpose, we used the
Boltz TraP code interfaced to WIEN2K to determine the
essential transport quantities, such as electrical conductivity
(o), Seebeck coefficient (S), thermal conductivity (x), power
factor (S?c) and dimensionless thermoelectric figure of merit
(ZT), as a function of temperature. BoltzTraP code uses the
semi classical transport theory?! with all the same optimized
parameters to calculate the transport quantities. Thomas
Seebeck depicted that when there is a temperature gradient in
some distinct materials, this temperature gradient will result in
an emf.

12000 T T T T T T T T
= YbZnP, ||
. YbanAs;2

10000 -

I(w)

Energy(eV)

Fig. 7 The interaction and absorption of photons within the
materials are pointed out.

Table 3. Optical parameters for Zintl compounds YbZn,Y, (X=P, As, Sb, Bi).

Dielectric . Reflectivity Conductivity Absorption
Refractive ..
Compounds index (n) R(®)% 6() max Coefficient
€1max €2max Q’lcm'l (Z((,l)) maxcm—l

YbZnzP2 16.50 3.9 3.6 54 80500 9000
YbzZnzAs2 14.20 3.8 41 54 80700 70600
YbZn2Sh2 17.50 3.7 4.6 60 10200 10900
YbhZn2Bi2 22.01 3.6 6.2 58 80650 90400
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Fig. 8 Reflectivity spectra versus incident photon energy for
YbZn,X,(X=P, As, Sb, Bi) compounds.

4.1 Electrical conductivity

Electrical conductivity (o) best explains the conductor or
semiconductor nature of a compound having an excess of free
electrons. Providing thermal energy, excites free electrons,
and as a result, the material starts conduction. The calculated
o of the investigated compounds is shown in Fig. 9. The o of
YbzZn,X, (X= P, As, Sh, Bi) has been drawn per relaxation
time against temperature on the horizontal axis. At a
temperature of 300K (room temperature), most of the
compounds have the minimal value of o, while at a
temperature of 800 K, all the compounds show maximal .
The values noted for Zintl compounds are quite different from
the previous ones and are also shown in the plot. Again, at
room temperature 300 K, all the compounds have minimum
values except YbZn,P,, which has a maximum value different
than the values of YbZn,As;, YbZn,Shy, and YbzZn,Bi
compounds, as noted in the plot which is (0.0x<10%, 0.5%<1018,
5.0x10%, and 2.4x10%9 Q. m. s

4.2 Seebeck Coefficient (S)

Seebeck coefficient is also called thermopower or
thermoelectric sensitivity of a material. It shows the
magnitude of an induced thermoelectric voltage in response to
temperature differences within the material. The Seebeck
coefficient is negative for negative charge carriers (electrons)
and positive for positive charge carriers. The calculated S as a
function of temperature is shown in Fig. 10. All the samples
show negative S values over the full temperature range of
300-1000 K. It is obvious from the curves that the S value for
the compounds mentioned above is significantly varied with
an increase in temperature. At 300 K, the calculated S values

6 | Eng. Sci., 2024, 31, 1258

are -2.4x10-5 pV/K, 1.5x10-5 pV/K, -0.5%10-5 uV/K and -
3.5x10-5 pV/K for YbzZn,P,, YbZn,As,, YbZn,Sh, and
YbZn;Bi; respectively.
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Fig. 9 Electrical conductivity obtained for YbZn,X»(X=P, As, Sb,
Bi) compounds.
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Fig. 10 Seebeck coefficient as a function of temperature in
YbZn,X, (X=P, As, Sb, Bi) compounds.

4.3 Thermal conductivity

Thermal conductivity is represented by (k). It is a temperature
dependent thermal quantity of a material. The « level greatly
varies with the changes in temperature. Thermal conductivity
indicates how well a material conducts heat, determining
whether it is a good conductor or an insulator. A material is
first tested with this behavior and then used for many thermal
applications, like a material with high k being used in a heat
sink, while a material with low « is used for heat insulation. In
Fig. 11, the changes of k against temperature are shown for
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Zintl compounds under consideration. At 300K, the values are
0.2x1015, 0.7x1015, 1.5%<1015, and 4.65x1015, for YbZn,As,
YbzZn;Shy, YbZn,Bi, and YbZn,P., respectively.
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Fig. 11 Thermal conductivity for YbZn,Xs> (X = P, As, Sb, Bi)
compounds.

4.4 Figure of merit (ZT)
The efficiency of thermoelectric devices is simply known as
the figure of merit (ZT). It shows the effectiveness or power
generation of thermoelectric devices.
To quantify ZT, the following equation is used:
7= "SKZ L )
This equation shows that the figure of merit of a material
depends on the following factors:
e Electrical conductivity (o)
e Seebeck coefficient(S?)
e Temperature (T)
e Thermal conductivity (K).

0.16
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] DDE:
BDE:
054:
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Fig. 12 The merits (ZT) obtained for the Compounds YbX,Y (X
=7Zn; Y=P, As, Sb, Bi)
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Figure 12 shows the variation of ZT for YbzZn X, (X =P,
As, Sh, and Bi) compounds with temperature. The figure of
merit ZT for compounds YbZn,P,, YbZn,As, linearly
increases with increasing the temperature, while YbzZn,Shy,
and YbZn;Bi, gradually increase with a rise in temperature.
The calculated figure of merit (ZT) values for YbZnyP,,
YbZn,As,, YbZn,Sh,, and YbZn;Bi, are 0.00, 0.021, 0.03 and
0.04 respectively. The ZT values increase for Zn compounds
as we move from phosphorus to bismuth down in the ncitogen
family at 300 K.

5. Conclusions

The structural, optical, electronic and thermoelectric
properties of the YbZn,Y »>-type compounds are determined by
first-principal calculations using the full-potential linearized
augmented plane wave (FP-LAPW) within the Wien2k code.
Generalized gradient approximation (GGA) was used to
optimize the unit cell volume. It is concluded from the
optimization of structure that these compounds show trigonal
geometry and lattice constants that are very close to the
experimental outcome. The electronic band structure
calculations were used to find out the nature of the nature of
the materials. The density of state (DOS) showed that in these
compounds, the p- (P, As, and Sb) states are situated in the
conduction band, while the d- (Yb) state contribution is
dominant, with a small part of the p-states of P, As, and Sh.
The optical behavior of these compounds is determined here
in terms of complex dielectric function, refractive index,
extinction coefficient, optical conductivity, absorption, and
reflectivity. The maximum refractive index value is obtained
for YbZn;Bi,. The reflectivity obtained for these compounds
is about 60%, making them suitable candidates for shielding
purposes. The thermoelectric behavior of YbZn,Sh;
compounds shows high thermoelectric efficiency, indicated
by high values of the figure of merit (ZT). These compounds
exhibit frequent changes in ZT values with increasing
temperature, while the rest of the compounds show no major
changes in ZT values. These materials with high ZT values are
of great importance in thermoelectric applications. Due to this
property, YbZn,As, can be used in heat sink applications,
while other compounds YbzZn,Y, (Y=P, Sh, Bi) with lower
values of ZT can be used for insulation functions because of
their low thermal conductivity.
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