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ARTICLE INFO ABSTRACT

Keywords: By using first principles calculations the structural, optoelectronic and thermal properties of HfCusXz (X =N, P,

Hafnium based zintl As, Sb, Bi) belong to Zintl family are calculated via WIEN2K code. The volume of the unit cell is optimized at

Thermoelectric ground state by including modified Becke-Johnson (mBJ) potential. HfCu2X2 Zintl phase shows metallic

3(1:11; ZTrap behavior due to overlapping in between high symmetry 'K and '-M points and missing gap behavior between
conduction and valence band. In TDOS, the major participation is due to copper (Cu) followed by Hafnium (Hf)
and (X) elements, while in PDOS the strong hybridization for the necessary electrical trasportation between Cu-
d of valence and (Hf-d and X-p) states of conduction bands is observed for the current studies. The attributes of
optical are calculated via dielectric function such as real/imaginary parts with other optical constants like
refractive index, absorption etc. The maximum reflection throughout occurs in the HfCuyBiy; compound, while
HfCuySb, has the highest extinction coefficient, which indicates that it absorbs more photons than the others.
Further evidence that all these materials are excellent absorbers and promising new candidates for high range
frequency-energy optical devices. By using BoltzTrap transport theory, thermoelectric response of the Hf-based
materials is investigated and reported between temperature range from 0 to 800 K. It can be seen that HfCuzAsy
compound shows higher value of ZT that is 1.1 followed by HfCusN5 and HfCuyBiy with values (1 and 0.9) at 50
K temperature. Further the compound HfCuyAs; depicts (n-type) while HfCuyBis shows (p-type) nature due to the
presence of Seebeck curves in these negative/positive regions within 50-550 K temperature range. Materials
with strong thermoelectric capabilities are generally found in high reflectivity zones and potentially effective in
preventing solar heating.

1. Introduction combination of metals that makes inter-metallic compound were found.
Although many of these have been organized completely based on
The word inter-metallics is mainly not explored and various crystal structure and physical properties, but structural applications of
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inter-metallics have been unexplored yet due to their high structural
stability and low fracture toughness of materials at the surrounding
temperature [1]. Apart from this, many inter-metallics compounds have
been widely studied because of their practical applications in numerous
areas like optoelectronics, spintronics and thermoelectric [2]. Interme-
tallic compound having AMyX,-type formula, where A refers to rare
earth element, M is a metal and X belongs to main group III, IV or V of
the periodic table. The explorer of novel thermoelectric materials has
obtained very fast improvement in last few decades as thermoelectric
technology provides the dormant for environmentally friendly and
continuous energy conversion procedure from waste heat to electricity
without releasing any toxic or harmful waste. The Zintl families [3] have
accumulated a significant amount of attraction for their capability as
high achievement in thermoelectric research industry, both theoreti-
cally and experimentally. Zintl phase compounds are belong to AByX5
family. ‘A’ refers to the Alkaline earth metals and ‘B’ represent the
transition metals. Zintl compounds include, Mgs,5(Sb/Bi/Te), and Yb
(Cd/Zn)2Sby have been ZT values (ZT>1), other Zintl phases like BaCuSy
and CaAl,Si; are described with excessive ZT within available literature,
mainly CaZnySiy having ZT greater than one for both n/p type com-
pounds. These well-functioning thermoelectric materials are utilized for
multivalley electronic band structure. The capability of thermoelectric
devices (TE) is determined by the TE figure of merit ZT [4].

As, ZT = %T ; where ¢ represents (electrical conductivity), S rep-
resents (Seebeck coefficient) [5], T shows the absolute-temperature and
K represent (thermal conductivity). In thermoelectric devices, high
figure of merit (ZT) [6] and Carnot efficiency [7] are the major features.
Absolute temperature ‘T’ and Seebeck coefficient have great influence
on ‘ZT’ values as performing electrical/thermal conductivity. An
exceptional performance of thermoelectric devices can be achieved by
high Seebeck coefficient, high electron mobility and low thermal con-
ductivity. In spintronics, optoelectronic generator and electronic de-
vices, zintl phases are also extensively used except their use in different
thermoelectric applications [8,9].

The capacity of a material to efficiently conduct electricity, to allow
electron-transfer to occur, and to withstand high heat for an extended
period of time are the main characteristics that has to be taken into
account from a material when creating a thermoelectric property. Only
materials that can meet these criteria can be expected to produce a good
outcome [10-14]. The productivity of heat conversion to electricity
from the thermoelectric framework will increase with increasing ZT
material estimation [15-18].

Equation shows that desirable thermoelectric properties include high
electrical conductivity, a big Seebeck coefficient for maximum conver-
sions of heat to electric power and cooling performance, and low heat
conductivity to prevent heat from passing through the material [19].
The Seebeck thermoelectric effect is the direct transformation of heat
energy into electrical energy or vice versa as a result of a material’s
temperature difference. The material for the thermoelectric generator is
a semiconductor of the type P, which requires electrons (holes), and the
type N, which has an abundance of electrons [20,21].

The Seebeck coefficient, which is a property of the material, is
expressed by equation S = £¥ and indicates the rate of progressive
change between the thermoelectric voltage (E) and (T). The thermo-
electric module’s characteristics are greatly influenced by the value of
Seebeck coefficient. The (ZT) value will be calculated using this Seebeck
coefficient value [22]. Additionally, materials with excellent TE char-
acteristics are in high demand because they may be used as a replace-
ment source to recycle waste heat from large enterprises and
automobiles [23,24]. By converting waste heat, devices reliant on these
materials may be used to generate electricity [25].

This technique has great promise for dealing with environmental
problems on a worldwide scale and recovering waste heat. In light of the
thermoelectric effect, the direct conversion of heat energy to electricity
has long piqued the interest of material physicists [26]. We must
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examine the thermoelectric characteristics in order to appreciate the
component at play and improve the TE properties of materials. Due to
their high interdependence, the three crucial factors cannot be changed
separately [27]. As a result, material scientists are searching for novel
materials with improved thermoelectric performance and higher ZT
estimates.

Since there is currently a lack of theoretical or computational in-
formation on the Hafnium (Hf)-based Copper (Cu) pnictides HfCuyXs
compounds, this work was designed to identify its fundamental physical
and structural characteristics. The HfCupX; compounds are the main
component of Zintl family belong to P 3m1 space group having trigonal
structure. As far as we are aware, no historical complete data on their
various properties are available. The current work contains the brief
theoretical calculations of physical properties, by using Wien2k [28]
code with (FP-LAPW) potential method to identify various important
physical features.

2. Computational parameters

The first principles calculations were taken based on Density func-
tional theory (DFT) [29] within mBJ approximation, the full potential
augmented plan waves (FP-LAW) method is implemented in WIEN2K
code. To find out the Kohn Sham equation [30], exchange and correla-
tion energy of electrons were handled by using mBJ potential. This is
one of the most efficient and reliable method in order to find out the
ground state properties based on DFT. To examine the structural relax-
ation, optimization and also for better understanding of band gap, we
performed modified Becke-Johnson exchange potential mBJ. By using
Boltzmann transport theory [31], electrical conductivity, electronic
thermal conductivity, Seebeck coefficient, electronic transport coeffi-
cient can be easily investigated. Furthermore, Boltzmann transport
theory of phonons can be used to acquire the lattice thermal conduc-
tivity [32]. An acceptable degree of convergence was accomplished by
analyzing a number of FP-LAW build functions up to the RMT K,,x = 8.
As, Kpax is the magnitude of the greatest K-vector, and RMT is the
slightest radius of the muffin-tin spheres.

3. Results and discussions
3.1. Structure and stability

Our findings show that the trigonal pyramid structure of Hafnium
(Hf)-based Copper (Cu) pnictides HfCuyX, (X = N, P, As, Sb, Bi) has the
space group P 3 m1 (#164) and the symmetry groupsa=b #c,a =fp =
90°, and y = 120° as demonstrated in Fig. 1. We have optimized the
compound structure to study the ground states properties. In the opti-
mized structure, the Hf takes Wyckoff position 1a, while the Cu and the
elements X take Wyckoff position 2 d.

The theoretical or calculated lattice constants of all the five com-
pounds were obtained by minimizing the total energy (Etor) with
respect to the lattice parameter [33]. The purpose of optimization is to
make a compound stable in order to make our calculation in ground

®

®

@ X=N,P,As,Sb,Bi

Fig. 1. Relaxed crystal structure of HfCuyX, compounds.
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state energy. Lattice Parameters value for the optimized structure are
noticed in Table 1 and compared with available experimental work [34,
35]. As the anion value shifts from N — Bi, the overall lattice constants (a
(10\) and c(f\)) values rise. Such rise in values is due to a change with in
atomic size of anions from N — Bi. Both estimated lattice constants and
the experimental findings correspond well. The overall reductions from
N — Bi in B (GPa) is the confirmation that material compressibility in-
creases as we from top to bottom.

Fig. 2 shows the optimization curve for total energy against volume
for all the five reported compounds. To determine the structural and
optimized parameters of material, Birch Murnaghan’s is used [36]. This
equation shows a relation between volume and pressure of body and
gives the material energy in relation to volume.

E(V)=E +91.T6v° { K“//)Z_l

3.2. Electronic properties

2

ORI ORI

B. +

To understand the material characteristics, electronic band proper-
ties is essential feature to recognize the material nature. The electronic
properties of HfCupXy (X =N, P, As, Sb, Bi) type structure is calculated,
previously no investigation have been explored for investigating the
electronic parameters. We Investigated the electronic band structure,
Total and Partial Density of state (TDOS)/(PDOS) for this Zintl phase
compound. As seen in Fig. 3(a-e), the compounds band structure display
asymmetry lines '-M—K—I'-An of the 1st Brillouin zone [37], where
K point is considered as most stable point and band gap is the minimum
distance that is appeared between conduction band and valence band.
There is a valence band (0eV) below the fermi level and a conduction
band (0eV) above it.

In case of HfCuyX», the conduction (CB) and valence (VB) single band
crosses and overlaps at the fermi level region, which clearly shows its
metallic nature with respective potentials [38], clearly observed from
Fig. 3(a-e) compounds band structures respectively. As, both conduction
and valence band (CB)/(VB) are overlapping with each other in between
high symmetry '->K and I'->M points. No band gap is appeared in these
Zintl phase compounds due to overlapping and missing gap behavior
between CB and VB, so it is clear that HfCupXy compounds show metallic
characteristics.

Fig. 4 (a-e) shows the Total Density of State (TDOS) and Partial
Density of state (PDOS). Electronic band structure is more endorsed with
both states. By means of mBJ potential, Total and Partial Density of
states is investigated to get better idea of notable contribution of atoms.
Energy distribution of all states can be described via density of state
[39].

As, HfCupAsy and HfCuySb, for total density of state are calculated
from 0 eV to 20 eV energy range. While HfCuyBiy, HfCuyPy and HfCupN,
are investigated from 0 eV to 10 eV energy range. From Fig. 4 (a-e), it is
clearly observed that (TDOS) displays a solid acceptance with electronic
band properties [40]. The main contribution in total density of state is
due to Copper (Cu) atom in all five compounds. In the case of (PDOS), it
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Fig. 2. Optimized plot of energy verses volume for HfCu;X; compounds.

has been demonstrated that in HfCu,X5 (X = N, P, As, Sb, Bi), the Cu-d
state makes the most significant contribution, followed by the minor
contributions of the Hf-d and X-p states. The (PDOS) plots clearly shows
that Cu-d states is dominant as compare to all others s, p, f states. While
there is very little contribution of Hf-d and X-p states in HfCuyXp.

The lower part of V-B (negative energy region (below —3.5 eV)) is the
main contribution of (p-states) of X, d-states of Hf and Cu atoms. The
other region in the valence band near fermi level at energy ranges from
—3 to 0 eV are mainly contributed by d-states of Cu while little contri-
bution of X-p, Hf-d states which is advantageous to electrical trans-
portation in HfCupX5 compounds.

As a moves from N to Bi on the periodic table, the valence/conduc-
tion bands stay at the Fermi level due to the metallic nature in each of
these compounds. In C-B (positive energy region) the most of the credit
goes to Hf-d and X-p states while little contribution by minor peaks and
humps of Cu/As/Sb-d states is readily visible. The overall, absent band
gap emerge in the understudied compounds as a result of a significant
hybridization among Cu-d of valence and (Hf-d and X-p) states of con-
duction bands which is required for electrical transportation.

3.3. Optical properties

Optical properties supply useful facts about a compound’s interior
structure. Crystalline materials have a plethora of optical properties,
making them an advantageously feasible choice for optoelectronic de-
vices in recent years [41]. Optical houses are closely linked to electron
mobility and recombination rate which rely on dielectric function with
frequency dependence, such function can be utilized to examine the
material’s optical characteristics [42]. The &; and ¢, respectively show
real and imaginary components of the dielectric function. Dielectric
characteristic with additionally wave vector response is discover out
through the frequency which is alike to the hard interplay of photons
that are alive with electrons. Also, it expresses complex machine direct

Table 1
Optimized lattice parameters of HfCu,X» compounds.
Compounds Lattice parameters Vo BP B (GPa) Eo (Ry)
a C
This study Exp This study Exp
HfCuyNy 6.61032 - 10.7348 6.160" 370.3807 5.0594 208.5964 —37034.9583
HfCu,P, 7.37 3.799" 11.969 - 538.3535 3.7226 128.3683 —38184.3819
HfCu,As, 7.49 - 12.16499 - 594.1255 3.6825 114.9689 —45860.2054
HfCu,Sb, 8.187 - 13.2957 - 724.9507 3.6541 88.0734 —62750.1197
HfCu,Bi, 7.90 - 12.8 798.3734 5.0000 61.2833 —123141.777
@ Ref. [34].

b Ref. [35].
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Fig. 3. (A-e) Calculated band structure of HfCu;X, (X = N, P, As, Sb, Bi) with mBJ potential.

response to the active radiation. As, the real/imaginary part of dielectric
feature is investigated by the usage of Kramer-kroning relation via the
usage of assist of momentum matrix element. The complicated dielectric
feature can be determined through given relation.
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Optical parameters of HfCuyXs (X = N, P, As, Sb, Bi) compounds are
examined by means of using mBJ potential. Fig. 5 (a) illustrates the real
€1(w) part of dielectric function as a characteristic of power or energy
ranging from OeV to 12eV.

The static function’s value of & (w) actual phase for HfCusNo,
HfCuyP,, HfCusAs,, HfCuySbs, and HfCuyBi, are 16, 31 37, 30 and 47
with mBJ respectively. As a result, values of static function’s rise when
the anion replaced from N — Bi. Their values amplify from their static
values and gives us first maxima (22.41, 36.94, 42.22, 31.30 and 49.70)
at 2.5eV, 1.2eV, 0.9¢eV, 0.5eV and 1eV with mBJ respectively. The €; (w)
peaks are gradually growing by way of expanding the photon energy.
These peaks occur as a consequence of electrons gradually transitioning
from the (highest point) top of the valence band to the bottom (lowest
point) of the conduction band. The described compounds’ primary
characteristic peaks are found in the electromagnetic spectrum’s
infrared-visible energy range.

As the energy level increased, the peaks diminished and descended to
their terrible lowest points (below zero) at 5.1eV, 5.3eV, 5.9¢eV, 4.1eV
and 2.4eV with mBJ potential respectively. Additionally, negative
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Fig. 4. (A-e) Calculated TDOS and PDOS of HfCu,X, (X = N, P, As, Sb, Bi) with mBJ potential.
values for &1 (w) represent total light attenuation in the optical medium, a In any material case, €2(®) demonstrates an essential component for
material’s loss of its dielectric characteristic, and reveal metallic nature. optical characteristics. The imaginary part pertaining to energy is shown
A stage takes place when graphs indicate the constant behavior because in Fig. 5(b). By, computing mBJ potential no absorption happens due to
of energy loss [43]. the metallic behavior [44] in case of HfCuyX,, absorption condition
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Fig. 5. In a and b the real and imaginary parts of dielectric functions plotted as a function of photon energy (eV) for HfCu,X, with respective mBJ potential.

openly take place perfectly in the material due to the existence as a fact
of massive band gap. The non-absorbing standards of HfCuyXy com-
pounds are linked with a zero-band gap. The spectra start at threshold
energy with values (0.42, 1.25, 1.91, 1.46 and 3.29) for HfCuyNy,
HfCuyPs, HfCusAss, HfCusSbs, and HfCuyBis, respectively. These
thresholds in the understudied compounds as a result of a significant
transition of electrons between Cu-d of valence and (Hf-d and X-p) states
of conduction bands.

The curve accelerates significantly further than the threshold points
as a result of the combined density of states and transitioning across
various orbitals. Each of these compounds have a shoulder around the
main peaks. The absorption peaks, though, show larger value of 31.61
for HfCuyBi, at 0.69 eV and lower value of 22.33 for HfCuyN; at 2.490
eV, thus indicating the dispersion of (N-based) compounds throughout
the whole UV area.

Additionally, the graphs demonstrate that in the group from N — Bi,
the dispersion behavior of HfCuyX, declines. The studied compound’s
peak is in the visible region, while in a sudden transitioning from N — Bi,
it changed towards reduced energy and increased in the infrared visible
area. Being a HfCuyX5 material with zero bandgap, it has been reported
to have a significant absorption that fills the full visible spectrum along
with ultraviolet photons. In general, stable and UV-Vis absorbent ma-
terials are strong contenders for solar cell manufacturing.

——HfCu,N,
|=——HfCup,
——HfCu,As,
——HfCu,Sh,
——HfCu,Bi,

L (o)

Ll

6
Energy(eV)

(a)

T
8

N
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Energy loss as a characteristic of the photon energy from O to 12 eV is
generally shown in Fig. 6 (a). Fastest shifting of electrons via substance
losses their energy is called as loss of energy or Plasmon oscillations. In
the case of HfCuyN;, HfCusPy, HfCupAsy, HfCuySby, and HfCuyBig
topmost peaks (Plasmon peak) in energy loss are considerately located at
12.1 eV, 10eV, 10.2 eV, 11 eV and 11.2 eV for mBJ potential respec-
tively. Plots demonstrate how ¢; (@) approaches ‘0’ at such energies. By
regular growing the energy loss from photons also grew. These distin-
guished peaks arise at OeV for (mBJ) potential.

In Fig. 6 (b) demonstrates reflectivity of HfCusX, with relation to
photon energy from 0 to 12 eV. The variation in the spectra is due to the
gradual alteration of peaks; by boosting photon energy, the E-loss in-
creases and reflectivity decreases, and vice-versa [45,46]. The figure
makes it obvious that R (0) value (51.3%) for HfCuyAs, is higher than
the remaining compounds. R (0) values for HfCusNj, HfCusPo,
HfCuyAss, HfCuaSby and HfCusBiy is 36.4%, 48.5%, 51.3%, 47.7%, and
47.4% respectively adopt the similar behavior as &; (0). The top most
reflectivity of HfCugNy, HfCuyPy, HfCupAsy, HfCusSby and HfCuyBiy are
55.3% (10.49eV), 55.7% (8.39eV), 57.1% (8.42eV), 56.4% (7.25eV) and
59.9 (8.26eV) respectively. The material’s high UV energy range is ob-
tained when reflectivity R(w) reaches its highest recorded proportions.
Our findings indicate that the materials’ high obtaining reflectivity
value makes them suitable for employment as shielding materials within

0.75

——HfCu,N,
0701 | ——Hfcup,
0.65 ——HfCu,As

0.25

12
Energy(eV)

(b)

Fig. 6. In a, b calculated the energy loss and reflectivity of dielectric functions as a result of photon energy for HfCu,X, with respective mBJ potential.
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range of energies between 3 and 11 eV.

Furthermore, the spectra show that by replacing the anions with N —
Bi, the R (0) overall increases while also broadening the material’s high
reflectivity range. The reflectivity spectra have a lot of peaks, although
the topmost peak and the maximum reflection throughout occur in the
HfCuyBi; compound with mBJ potential. Compounds with strong ther-
moelectric capabilities are generally found in high reflectivity zones and
potentially effective in preventing solar heating.

The examined absorption coefficient a(w) plot of spectra versus en-
ergy from O to 12 eV in Fig. 7(a). This characteristic explains how light
waves lose intensity as they pass through a material medium. The ab-
sorption procedure is initiated by the electronic transitions from VB to
CB. The figure shows the energy band gap of the compounds with values
2.32 eV, 1.90 eV, 0.42 eV, 0.39 eV and 0.36eV for HfCusN,. HfCuyPs,
HfCusAsy, HfCuySby and HfCusBi, respectively marks the beginning of
the absorption coefficient. In addition to the beginning points, the a(w)
progressively grows and obtains their highest point with the minor
peaks and shoulders dominantly appearing on the both sides of the
spectrum of each of these described compounds in the ultraviolet region.
Further evidence that all these materials are excellent absorbers and
promising new candidates for high range frequency-energy optical de-
vices [47], particularly in the ultra-violet part of the spectrum, which
comes from the fact that the major peaks of the a(w) for HfCuyXs
compounds are dominated at energy ranges from 4.5 to 11 eV. After
accomplishing the maximum values, the spectra start decreasing for all
Hf-based compounds.

The highest absorption coefficient peaks for HfCusNy. HfCusPo,
HfCu,Asy, HfCupSby and HfCusBiy are 192.81 x 10%em™1,173.15 x
10%em™,170.14 x 10%m™!, 143.26 x 10%m ! and 169.32 x 10%cm™*
respectively. The largest value is found for HfCuyNy while the smallest
value for HfCuySb, compound. Inside the electronic band spectrum,
such peaks are mostly created by inter band transitions between several
high symmetry points. It is further found that the traits peak locations
changed to decrease energies with the anion replacement. It is extra
fascinating that the compounds show prominent absorption in the
visible-ultraviolet energy region.

Fig. 7 (b) exhibit the refractive index n(®) of HfCusXs compound.
The refractive index is a measure of the density to rarity of a material
medium [46] and it is interesting to note that n(®) behaves similarly to
e1(w). The accepted theory supports this tendency that is seen in these
spectra. The static refractive index of HfCusNjy, HfCusPo, HfCupAsy,
HfCu,Sby and HfCusyBisy are 4.04, 5.59, 6.05, 5.46 and 5.42 with mBJ
potential behaves in a similar way as €; (0) respectively. The highest
peaks (points) of refractive index n(o) of HfCusNo, HfCuyPy, HfCuoAs,,

250
——HfCu,N,
——HfCu,P,
2009 ——HfCu,As,
——HfCu,Sb,
150 ] ——HfCu,Bi,
e
S
100 <

50

Energy(eV)

(@)

Fig. 7. In a, b Plotted optical conductivity and refractive index of dielectric functions as a result of photon energy for HfCu,X, with respective mBJ potential.
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HfCuySb, and HfCuyBi are obtaining with values (4.96, 6.16, 6.57, 5.61
and 5.51) at (2.29eV, 0.56eV, 0.39¢eV, 0.26eV and 0.20eV) with mBJ
respectively, that reside in infrared-visible region of EM spectrum.

It is evident that compounds with zero band gaps have high refrac-
tive indices as shown by this study. These findings demonstrate that by
substituting N — Bi, the static and maximum refractive index rises,
following the same pattern as &7 (0).

The highest peak values of these Hf-based compounds with the minor
hump and shoulder that emerge on the spectra right side begin to pro-
gressively decrease after being reached the peak values, the material is
unable to absorb more incoming light due to increasing dispersion
photon energy. The figures clearly show that these compounds have
high refractive indices in the infrared and progressively decline in the
low — high UV area.

Fig. 8 represents the extension coefficient k(®) for the compound
HfCuyXo with energy ranges from 0 to 12 eV. The value of k(®) mostly
starts at near the fundamental band gap with threshold energy but in this
study, it starts from zero due to the absence (metallic nature) of band
gap. At energies exceeding certain limits, the values of k(o) steadily
increase and reach their highest peak (point) values in the spectra. The
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HfCusAss, HfCuysSb, and HfCuyBi; are obtaining with values (2.32, 3.39,
3.40, 3.52 and 3.51) at (7.19eV, 2.89¢V, 2.82eV, 2.35eV and 2.57eV)
with mBJ potential respectively. Peak values of k(®) exhibit the highest
level of absorption behavior. The HfCuySby has the highest extinction
coefficient, which indicates that it absorbs more photons than the
others.

3.4. Thermoelectric properties

In order to maximize the effectiveness of thermal equipment/de-
vices, waste heat energy can be properly converted into useable elec-
trical energy. To improve thermal performance due to electrical
conductivity or temperature change (AT), thermal conductivity (K)
should be minimized and Seebeck coefficient (S) maximized. Tempera-
ture depends upon thermal conductivity (WK 'm™!), electrical con-
ductivity ¢ (S/m), and associated Seebeck coefficient (uVK~!). The
created (BoltzTrap) software was included in the simulation code [14,
16,24,26]. The alliance between electronic band structure, thermal
conductivity, and thermoelectric efficiency is genuine. Electrical con-
ductivity and Seebeck coefficient can be measured at the Fermi level
using an energy band. A figure of merit is a number that is used to
describe how well a technology, system, or approach performs in com-
parison to its competitors. Research on these kinds of compounds is
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accelerating due to their excellent thermoelectric performance.

Electrical Conductivity has a tremendous impact on the trans-
portation of free carrier of charge, which include in electronic band
structure as well as density of state. As evidenced by Fig. 9(a), that
moving electrons are responsible for the electrical conductivity [48]. By
using mBJ potential it can be observed that HfCusP» remain constant
and shows no increment in the values of electrical conductivity, by
increasing temperature it remains constant from 500 K to 800 K tem-
perature range. On the other hand, HfCuyAs;, HfCuySby and HfCusNj
are increasing and shows their maximum electrical conductivity
throughout their complete temperature range. While HfCuyBi, shows
decrement in electrical conductivity and attained lowest value at 800 K.
As, electrons can migrate from a high to a low temperature zone in
thermoelectric devices due to obtaining extra thermal energy at
maximum temperature.

Fig. 9(b), represents the temperature-dependent thermal conduc-
tivity (K). In accordance with Fourier’s law, g = —KAT shows thermal
conductivity. Where g represent the heat flux and K is constant which is
accurate for less difference in temperature. As, changing in temperature
produce thermal conductivity, depend upon the free charge carrier. In
conductors and metals heat conversion is mainly take place by free
electrons. In case of HfCupX5 the minimum temperature set for thermal
conductivity is 50 K. In the given figure, thermal conductivity increases
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Fig. 9. In (a), calculated electrical conductivity and in (b) calculated thermal conductivity as a result of temperature (K) for HfCup,X, with mBJ potentials
respectively.
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when temperature increases from 50 K to 800 K. As, it is shown in Fig. 9
(b), that HfCuyNy, HfCuyPs, HfCugAsy and HfCuySb, showing increase in
value of thermal conductivity with increase in temperature. While in
case of HfCuyBiy, thermal conductivity decreases until 200 K and then
gradually rise in the value is measured [49].

Fig. 10(a) displays the comparison between Seebeck coefficient and
temperature. Seebeck coefficient S (VK1) steadily determine the
induced thermoelectric voltage in response to a temperature change. It
can be seen that from Fig. 10(a), there is no change in seebeck coefficient
[51] curves of HfCusSb, and Hfcu,P5 still remain at zero over the whole
temperature spectrum, while seebeck coefficient of HfCuyBi, is slightly
increase from its negative values at 50 K-200 K and then stood at zero
within a given range of temperature. Further, in case of HfCusAs,, see-
beck coefficient curves in the negative region (n-type) is significantly
increase within 50-550 K temperature range and then gradually move
toward zero. While, the seebeck coefficient curve of HfCuyBiy in the
positive region (p-type) is gradually decreasing from 50 to 550 K and
then shows constant behavior till 800 K temperature. From Fig. 10(a), it
is evident that each of the five compounds has not change curves and
shows steady behavior after a specific range of temperature.

Fig. 10(b), shows the values of Power factor [50] of zintl phase
compound HfCuyX5 (X = N, P, As, Sb, Bi). The range of temperature is
taken from 50 K to 800 K. From Fig. 10(b), it is observed that the values
of the power factor of HfCuyAs;, start increasing from 100 K to 250 K
then gradually start decreasing and reaches its minimum value at 800 K.
While Power factor (P.E) value of HfCuyBiy continuously decreasing its
values and reaches zero at 250 K and then increasing over the entire
temperature range. On the other hand, HfCuyP5, HfCusN» and HfCusSby
values of Power factor (P.E) are gradually increasing and decreasing
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from 50 K to 800 K. As, HfCusAs, and HfCu,Bis reaches maximum
Power factor (P.E) values around 800 K.

Fig. 11, represents the (ZT) as compared to the temperature range.
The figure of merit (ZT) was accustomed to find out the thermoelectric
response of material. The material that shows high figure of merit values
is considered highly effective as compare to other materials. In this
Fig. 11, it can be seen that HfCuyAs; compound shows higher value of
(ZT) that is 1.1 followed by HfCusN, and HfCuyBi, with values (1 and
0.9) at 50 K temperature. The curve of ZT of HfCupAsy gradually de-
creases with increasing temperature, whereas that of HfCup,N; and
HfCuyBi, decreases abruptly and shows its minimum values at 800 K.
The ZT curves for HfCusSbs and HfCuyPy compounds start at the lowest
value and exhibit very little and no change through the studied tem-
perature range. In comparison to other compounds, HfCupAsg, HfCuaN,
and HfCuyBi, are considered sufficient and promising materials for
thermoelectric devices because they have a maximum ZT value and also
because the ZT curves decrease with growing temperature and reach a
minimum value of zero at 800 K.

4. Conclusion

In this study, we investigated the structural, optoelectronic and
thermal properties of HfCusXs (X = N, P, As, Sb, Bi) by using Density
functional theory (DFT) at mBJ potential. Following Zintl family com-
pound gives zero band gap, showing that HfCuyX, have metallic char-
acteristics in nature due to overlapping in between high symmetry '-K
and '-M points between conduction and valence band. The optical
parameters are examined within energy range from 0 to 12eV. The
maximum reflection occurs in HfCuyBis compound, while HfCuySb,
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Fig. 10. In (a) calculated seebeck coefficient and in (b) calculated power factor with respect to temperature (K) for HfCu,X, with mBJ potentials respectively.
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Fig. 11. Calculated dimensionless ZT with respect to temperature (K) for HfCu,X, with mBJ potentials respectively.

achieved the highest extinction coefficient. This is the further evidence
that overall, these materials are excellent absorbers and promising new
candidates for high range frequency-energy optical devices. By using
BoltzTrap codes, thermoelectric response of the Hf-based materials is
plotted in relation to temperature. It is evident that HfCupAs; compound
shows higher value of ZT that is 1.1. Furthermore, the compound
HfCuyAs, depicts (n-type) while HfCuyBis shows (p-type) nature within
50-550 K temperature range. Depend on the investigation’s facts these
materials with strong thermoelectric capabilities are most promising
candidates for the potentially effective optical and thermoelectric
innovations.
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