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ARTICLE INFO ABSTRACT

Keywords: An ab initio study of Zintl NayCuP ternary semiconductor compounds was carried out by applying first-principles
DFT methods to calculate the structural, electronic, elastic, mechanical, and optical properties using generalised
metaGGA

gradient approximation (GGA) and metaGGA exchange-correlation functionals. The bandgap was determined to
be 0.7523 eV and 0.7848 eV using GGA with Wu-Cohen and Perdew-Burke-Ernzerhof (PBE) functionals,
respectively. The bandgap was re-approximated using the more accurate metaGGA functionals as 1.078 eV and
1.084 eV using the Tran-Blaha modified Becke Johnson exchange and correlation functional (TB-mBJ) and the
strongly constrained and appropriately normed (SCAN) functional, respectively. The projected density of states
using the GGA revealed that the conduction band formation was mainly by Cu 2p, P 2p, and Na 2s orbitals with
the rest of the orbitals making a minor contribution. In contrast, the valence band formation was mainly formed
by Cu 3d and P 2p, with the rest of the orbital playing a minor role in the formation. The material was found to be
mechanically brittle with a covalent bond, which is a characteristic of Zintl-phased materials. The NayCuP
material was also observed to have a strong absorption coefficient between 1.15 eV and 15 eV, a characteristic

Ternary compounds
Zintl phase
Optoelectronics

suitable for photovoltaic applications.

1. Introduction

The world has developed to a level where numerous devices being
used are fabricated using different types of materials. The semi-
conductor industry has played a key role in developing various devices,
particularly for optoelectronic applications. Photovoltaics (PVs) are
emerging as one of the best alternative optoelectronic devices as green
energy sources, and the vast majority of PVs are made of single-crystal
silicon absorbers. Despite their popularity, silicon-based solar cells
have several drawbacks. These include complex manufacturing pro-
cesses that make them uneconomical [1]; the small light absorption
coefficient of silicon near its bandgap, which limits its potential for
photon capture, limiting the efficiency of silicon solar cells [2]; and their
brittleness and hardness, which makes them unsuitable for use in flex-
ible solar cells [3]. These limitations have prompted extensive theoret-
ical and experimental research to identify potential replacement
materials that can be used as absorbers to capture electricity from
sunlight.

An alternative to single-crystal silicon materials in the photovoltaic
(PV) market is the thin-film technology, which currently accounts for a
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negligible proportion of the market. Ternary chalcogenide materials are
among the earliest materials used in thin-film technology, with rela-
tively good stability [4]. These materials can be categorised as chalco-
pyrite or pnictide. Despite their use in thin-film technology, some of
them are hindered by various issues, including the use of scarce ele-
ments, such as In, Ga, or Te [4], or toxic elements, such as Pb or Cd [5,6],
as well as long-term stability problems, such as those affecting halide
perovskites.

To solve these thin-film technology problems, pnictides have been
explored as alternative absorbers. These pnictides exist in Zintl phases
featuring group V, anions, including phosphorus, arsenic, antimony,
and bismuth [7,8]. In addition to pnictides, these compounds have been
studied using the Zintl concept, which is a well-established method in
the field of solid-state chemistry. This approach employs
electron-counting rules to elucidate the behaviour of numerous Zintl
compounds [9]. These compounds have attracted considerable interest
from researchers in recent years, especially for thermoelectric applica-
tions. Zintl-phased compounds can not only find applications in ther-
moelectric but also in the optoelectronic industry, where they find
applications in diode lasers, detectors, terahertz devices, as well as in
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photovoltaics [10,11].

Researchers are engaged in exploring alternative materials to replace
silicon in solar cells, focusing on inorganic pnictides composed of earth-
abundant elements [12]. Among these inorganic pnictide materials, al-
kali metal pnictogens have emerged as a promising class of materials for
solar absorption owing to their anticipated optoelectronic and me-
chanical properties. Jayalakshmi et al. [13] conducted a study on the
density functional theory (DFT) properties of caesium phosphide (Cs3P)
and its potential for optoelectronic applications. The study revealed that
Cs3P exhibits an optimal bandgap of 0.952 eV, making it a suitable
candidate for optoelectronic devices. Furthermore, an investigation of
the thermoelectric properties of CsgP showed that it possesses a high
power factor, which corresponds to a high thermoelectric efficiency,
suggesting its potential for photothermal conversion. Consequently,
Cs3P is considered a promising material for use in solar-cell technology.

In addition to binary alkali metal phosphides, ternary alkali metal-
based phosphides have been studied as potential photovoltaic mate-
rials. These compounds are composed of alkali metals, transition metals,
and phosphorus [11]. Computational methods have been extensively
used to investigate ternary alkali metal-based phosphides, particularly
those containing potassium elements. For example, K3CugP2, K3NisPs,
K4ZnAssy, K4ZnP,, K4CdP,, K4HgPo, NasHgP,, and K3CusPy have been
studied for potential applications in optoelectronics and photovoltaics
[14-18]. These compounds exhibit suitable optical properties such as an
appropriate bandgap that matches the solar spectrum, making them
suitable for use as solar absorbers. Furthermore, sodium-based ternar-
y-based phosphides have been investigated. For instance, the mechani-
cal stability of NayCuP was predicted by DFT using the generalised
gradient approximation (GGA) with the Perdew-Burke—Ernzerhof (PBE)
functional [19]. The optical bandgap of NayCuP was previously
computed using the local density approximation (LDA) and GGA [11,
20], respectively. Finally, computational screening of the carrier life-
time and structural and electronic properties of NayCuP for application
as a solar absorber was performed using the PBE + Heyd (Scuseria)
Ernzerhof approach [21].

Previous research on NayCuP has primarily focused on its electronic,
mechanical, and optical properties utilising LDA, GGA-PBE, and PBE +
HSE approximations and correlation functionals. However, these
methods, including LDA, GGA approximations, and the PBE functional,
have been found to underestimate the bandgap and lead to incorrect
calculations of the defect transition levels [21,22]. Therefore, our work
focused on an ab initio study conducted to investigate the structural,
electronic, elastic, mechanical, and optical properties of NayCuP using
SCAN and TB-mBJ functionals, and the results were compared with
those obtained using GGA-PBE for potential photovoltaic applications.
In addition to this, the Wu-Cohen exchange correlation functional based
on generalised gradient approximation exchange and correlation po-
tential has been utilised because of its strength for the best approxi-
mation of thermodynamic properties of solid state materials, and further
to buttress the bandgap approximation, machine learning approach was
also brought onboard.

2. Computational methods

All calculations in this work were performed using the plane wave
self-consistent field, Pwscf, method as implemented in the Quantum
ESPRESSO computational code which applies the ab initio techniques of
the density functional theory [23,24]. The generalised gradient
approximation was used for estimating the exchange-correlation po-
tential for the baseline study using the Perdew-Burke-Ernzerhof
exchange-correlation functional GGA-PBE [25]. For higher accuracy in
the DFT ladder, SCAN and Tran-Blaha modified Becke-Jonhson meta-
GGA'’s were used as exchange correctional functional after the baseline
study, also numerical calculations using machine learning were per-
formed. The machine learning calculations were done using a web-based
tool offered by the materials database www.aflowlib.org where a
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POSCAR input file describing the structure of the material is uploaded
[26-29]. The interactions between the valence electrons and ionic core
were described using the pseudopotential method. Two types of pseu-
dopotentials were used in this work: the Kresse-Joubert projector
augmented plane wave [30], scalar relativistic with nonlinear core
correction, and norm-conserving pseudopotentials for the GGA and
meta-GGA calculations, in which the valence electrons for the NayCuP
ternary compound are Na [Ne] 3s, Cu [Ar] 3d1°4s, and P [Ne] 3523p3,
respectively. The first irreducible Brillouin zone (BZ) sampling was
performed using the Monkhorst-Pack sampling scheme, where the
k-point mesh for the BZ used during sampling was 9 x 9 x 9 with an
offset of 1. Similar values of the k-point were used during further opti-
misation, including the kinetic energy cut-off set at 60.0 Rydberg while
the charge density cut-off was set to be calculated automatically. The
lattice parameter, a,, as a function of total energy and variable cell
relaxation, was optimized at 0.0 applied pressure following the Broy-
den-Fletcher Goldfarb-Shanno (BFGS) algorithm. During optimisation
and any subsequent calculation, the convergence tolerance was set at
2.0 x 10~° Ry.

3. Results and discussion
3.1. Structural properties

The NayCuP ternary compound crystallises into an orthorhombic
crystal system while the lattice adopts the same structure with space
group cmcm number 63, the lattice parameters for the conventional
crystal systems are a = 6.92A,b=862A,c=518A,a=p=y=90°

and the volume 309.16 As, the crystal system is shown in Fig. 1.

In the NapCuP ternary compound, the elements have the following
Wyckoff positions. The Cu element occupies the 4b Wyckoff position at
Cu(', 0, '4), while the P occupies the 4c Wyckoff position at P(0.760502,
0, %), and lastly, the Na is 8g Wyckoff position at Na(0.357228,
0.327362, '%). The lattice parameters of the NapCuP compound were
optimized by fitting the volume against total energy in the Birch-
Murnaghan equation of state given in Equation (1) was used to
compute the optimized values as tabulated in Table 1. The fitted values
are as shown in Fig. 2.

B
E(V)=E,+%

B
(B’—l) +§(V_V0) @

where in Equation (1), E,, B, B/, V, and V, are respectively, the op-
timum value of total energy, the bulk modulus, the pressure derivative
of bulk modulus, the total unit cell volume, and the optimized unit cell
volume. The results are given in Table 1. It can be observed that the
lattice parameters a, were in good agreement with the experimental

Fig. 1. Primitive crystal structure of Na,CuP ternary compound.
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Table 1

Computed ground-state lattice parameters, bulk modulus, equilibrium volumes,
and enthalpies of formation of Na,CuP ternary compound using GGA-PBE and
GGA-WC functionals.

Lattice Bulk Equilibrium Enthalpy of
parameter a, modulus B, volume (a.u)® formation AHg
(a.w) GPa (Ry)
GGA-PBE 16.3821 43.7 1073.13 —974.48
GGA-WC 16.2029 47.3 1038.31 —970.42
Experiment 16.3981 [31]
-974.30 -970.20
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Fig. 2. The PBE-GGA and WC-GGA Birch-Murnaghan fitting for total energy
and as a function of crystal lattice volume.

value of 16.3981 a.u. [31].

3.2. Electronic properties

To determine the properties of a material, including its conductivity,
magnetism, and optical properties, it is important to understand its
electronic structural properties. The band structure of the material helps
to identify the allowed quantized energy levels for the electrons to
occupy. The valence band represents a region of tightly bound electrons
which are not available for electrical conduction, whereas the conduc-
tion band contains free electrons and is available for electrical conduc-
tion. The gap between the valence band and conduction band, known as
the bandgap, helps determine whether a material is a conductor, semi-
conductor, or insulator. Other properties derived from studying the
electronic structure include the Fermi level energy, density of states, and
projected density of states. The electronic properties of the NapyCuP
ternary compound were studied using the PBE-GGA, WC-GGA, SCAN-
mGGA, and TB-mBJ-mGGA functionals, and the results are shown in
Fig. 3(a)—(d).

All calculations were performed along the I'-X-S-R-A-Z-I"-Y-X-A-T-Y-
Z-T high-symmetry points in the Brillouin zone. The band diagrams were
plotted using the range —5 eV-6 eV for energy minima and maxima,
respectively, and the Fermi level at 0 eV. In Fig. 3(a)-(b), the calculated
band structures reveal that the material is an indirect bandgap semi-
conductor with the valence band maxima (VBM) located at the X sym-
metry point and the conduction band minima (CBM) located at the I"
symmetry point. The calculated bandgaps for the materials were 0.7848
and 0.7523 eV for the PBE-GGA and WC-GGA functionals, respectively.
It is worth noting that these two functionals significantly underestimate
the bandgap of semiconductor materials; therefore, metaGGA func-
tionals were used because they can estimate the bandgap closer to the
experimental values. Two types of meta-GGA functionals were used to
validate the values obtained from either of them. In electronic structure
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calculations, the density of states calculations describes the distributions
of energy levels available for electron occupation in a material, while on
the other hand, the projected density of states gives the understanding of
how the electronic states are distributed among different atomic or-
bitals. The projected density of states calculations were performed to
support the results obtained from the band structure calculations. The
PBE-GGA shows that the conduction band formation was mainly formed
by Cu 2p, P 2p, and Na 2s orbitals, with the rest of the orbitals making a
minor contribution, while the valence band formation was mainly by Cu
3d and P 2p, with the rest of the orbital playing a minor role in the
formation. A similar observation was made when Wu-Cohen functionals
were used. The results obtained from the projected density of states were
noted to corroborate those obtained for band structure calculations in
terms of the size of the bandgap and the position of the Fermi level,
supporting the accuracy of the results.

The calculations for the band structure using metaGGA are given in
Fig. 3(c) and (d), which show the results obtained using the SCAN
functional and Tran-Blaha-modified Becke-Johnson functionals,
respectively. The bandgaps obtained using SCAN and TB-mBJ were
1.084 eV and 1.078 eV, respectively. The band structures obtained using
the mGGA functionals are plotted without the respective projected
density of states because the pseudopotentials used in this case do not
have orbitals to project to. A further calculation using machine learning
was performed giving 0.92 eV, a value which was between GGA and
mGGA calculations. The close similarity in the bandstructure shows a
characteristic isotropy in the electronic structure properties [32,33].
The calculated values are shown inTable 2.

3.3. Mechanical and elastic properties

The NayCuP compound assumes an orthorhombic crystal structure;
In this structure, the elastic tensor has the lowest symmetry and highest
number of independent elastic constants. The stiffness matrix has nine
constants which are unrelated to each other, namely C;1, C12, C13, Ca22,
Co3, C33, C44, Cs5, and Ceg. In the orthorhombic elastic tensor matrix,
there are three trivial eigenvalues, namely, C44, Cs5, and Cee which must
be positive [34]. In an orthorhombic system, the necessary and sufficient
Born criteria are given in Equation (2), while the elastic tensor values are
given in Table 3 [34]:

C11 > 0,C11Cop > C?z,
C11C22C33 + 2C15C13Ca3 — C11Cay — C22Cly — C33CY, > 0, @)
C44 > 0,Cs55 > 0,Cg¢ > 0.

In the orthorhombic crystal system, the bulk modulus B is related to
the elastic constants Cjj, Cy2, Ci13, Coa, Ca3 and Cgss, through the
following Equation (3), [35].

1
BZE(CU +C2+Cs33+2(Cr2+ C13 + Ca3)) 3

while on the other hand, the shear modulus, G is obtained from the
elastic constants C44, Css, and Cge through Equation (4) given as

G:é(cM + Css + Ces) ()]
The Voigt-Reuss-Hill [36-39] average mechanical properties for the
orthorhombic NayCuP compound were computed from the elastic con-
stants given in Table 3 using Equations (3) and (4). The bulk modulus B
is a measure of the resistance to the changes in volume due to the
application of uniform external pressure on a material. The results ob-
tained for the B value for NapCuP were 32.4 GPa when using GGA-PBE,
which shows that the material is soft because its bulk modulus is very
low [40]. The measure of resistance of a material against deformation
due to shear stress and strain is known as shear modulus, G. Shear
modulus is a property useful for analysing torsional loading. The value
obtained for G was 19.9 GPa for NayCuP, calculated using GGA-PBE.



R. Musembi et al.

Computational Condensed Matter 40 (2024) e00927

\ A /L T 1T 6 ST =7 T I I B
\k \ Culs — V \& l' Culs ———
( Cu2p —— ( Culp ——
| Cuxd | Cu3d
4 n Pls 4 B Pls
) P2p P2p
Nals —— Nals ——
5 ] Nal2s — N Na2s
—_ Na3p —— P Na3p ——
s P T
o Tpdos ——— 0y Tpdos ——
A /NN A
= 2
Il o ettty LT UL Nt peem] grenesrererenssreashesnae @ 0 [=opfgooseecececraccachessgosoepdencenrececacboem] feccecnoaccecccacoacenae.
[t} r/ N \> ir]
A
= 8\ =g a 2 N
4= o4
. 2AYAN i
! 1 1 1 | L1l [ 1 I | 1l L1l
I XSRA ZT Y XA TYZ TO 51015202530354045 I' XS RA ZT Y XA TYZ TO 51015202530354045
Wave vector Density of states Wave vector Density of states
6 6
1Y A4 T T 1 T v/ 4l T T 1 T
\y ] V < dos b7 |/ dos
41 - 4 .
TN O
> o
& &
3 0 R T e B TR -
-] =
53 = j\/
=~ y
*ES s
LN D
A= AN AL
[~
| L1

1 11 | 1 | I 1

1 1 1 1 1 1 1

' XS RA ZT Y XA TYZ TO 5 10 15 20 25

Wave vector Density of states

30

r XS RA ZT Y XA TYZ To 5 10 IS5 20 25 30

Wave vector Density of states

Fig. 3. The band structure of the Na,CuP ternary compound and the projected density of states showing the band gaps and the band formation states for: (a) PBE-
GGA 0.7848 eV, (b) WC-GGA 0.7523 eV, (c) SCAN-mGGA 1.084 eV, and (d) TB-mBJ-mGGA 1.084 eV.

Table 2

The summary of the electronic bandgaps of the NayCuP compound calculated
using GGA-PBE, GGA-WC (Wu-Cohen), Machine Learning (ML), SCAN:mGGA,
and TB-mBJ:mGGA.

PBE Wu-Cohen ML SCAN TB-mBJ

This work 0.77 eV 0.75 eV 0.92 eV 1.084 eV 1.078 eV

The brittleness and ductility properties of a material can be deter-
mined from Pugh’s [41] and Poisson’s ratios [42]. Pugh’s ratio is a
dimensionless value obtained as the ratio of bulk modulus B to shear
modulus G. A material is considered brittle if B/G is less than 1.75;
otherwise, it is considered ductile if B/G is greater than 1.75. The values
obtained in Table 4 using PBE-GGA show that Na,CuP is brittle, which

bonding. A material is said to have covalent bonding if the value for
Poisson’s ratio is in the range 0 < n < 0.25, while if the range lies at
0.25 <n < 0.5, it is said to be ionic. According to the results shown in
Table 4, the NayCuP compound was observed to have covalent bonding,
which confirms a characteristic common in Zintl-phase materials. To
predict whether the properties of a material are isotropic or anisotropic,
the Kleinmann parameter ¢ is used for computation. In the case of
orthorhombic material which has three mutually perpendicular axes of

Table 4

The Voigt-Reuss-Hill average mechanical properties of NayCuP ternary com-
pound. The bulk modulus B, Young’s modulus E, Shear modulus G, Pugh’s ratio
B/G, Poisson’s ratio n, and Debye temperature.

confirms the results reported elsewhere [20]. The type of bonding in a B E G B/G n ¢ o @
material is an intrinsic part of its mechanical properties. Poisson’s ratio, PBE 32.4 49.4 19.9 1.63 0.2427 1.606 309.3
n, can be used to determine whether a material has covalent or ionic we 34.6 53.0 213 1.62 0.2420 1.566 319.1
Table 3
Elastic tensor constants in GPa for Na;CuP orthorhombic crystal system.
Ci1 Ci2 Ci3 Coz Co3 Cs3 Caq Css Cee
PBE 73.15 8.67 6.91 67.95 30.80 59.21 36.69 11.91 11.73
wC 77.70 9.96 7.72 72.17 32.68 61.70 38.96 13.98 12.22
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invariant length is given by Equation (5), [43]:

_ C33(C11 + C22) - 2633

¢
C11Cp2 — ng

%)

A material is said to be isotropic if { = 1 or anisotropic if { > 1, for
the case of NayCuP which has an orthorhombic structure, the Kleinmann
parameters were predicted to be 1.606 and 1.566 using PBE-GGA and
GGA-WC, respectively, showing that the material is anisotropic. The
Debyes’ temperature is another important parameter for evaluating
material properties such as thermal expansion, thermal conductivity,
crystal lattice vibration, melting point, and specific heat capacity of the
material. The Debye temperature can be computed using Equation (6).

e () (5

where V,, is the average sound velocity. The calculated 6p, for NapCuP
was determined as 309.3 K and 319.1 K when using GGA-PBE and GGA-
WG, respectively. Further, thermodynamic properties are discussed in
the next section.

(6)

3.4. Debye properties

Debye properties are based on a theoretical model proposed by Peter
Debye for describing the thermophysical properties of solids at finite
temperatures. The model was proposed to aid in understanding the heat
capacity of solids at low temperatures and the quantized lattice vibra-
tions in crystal lattices. The Debyes’ thermophysical properties of
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NayCuP ternary compound are depicted in Fig. 4. In Fig. 4(a), it shows
the temperature-dependent variation of Debye’s vibrational energy. In
the Debye model, a solid-state material is treated as a continuous elastic
medium and the vibrations of the atoms in the crystal lattice are
approximated as sound waves [44-46]. The model assumes that the
vibration of the atoms in the crystal lattice is harmonic analogous to
waves in a continuous classical medium. Fig. 4(a) shows that the Debye
vibrational energy was gradually increasing with the increasing tem-
perature, the calculations agree well with the Debye model.

Debyes’ model treats the vibrational energy as a sound wave. The
vibrations are approximated as acoustic phonons with continuous fre-
quency distribution up to a maximum frequency called the Debye fre-
quency. The energy associated with the vibrational modes of the crystal
lattice is given at a given temperature T. The negative Debye vibrational
free energy arises due to the way the energy is distributed in the
vibrational modes in the Debye model [44-46]. Fig. 4(b) shows the
vibrational free energy of the NayCuP ternary compound where at 0 K up
to approximately 250 K, the vibrational free energy is positive while
beyond 250 K it assumes negative values, this shows that at low tem-
peratures the energy levels of the materials are sparsely populated.

The Debye model is used for estimating the phonon contribution to
the specific heat and the collective vibrations (phonons) of the entire
crystal lattice. lattice entropy resulting from lattice vibration rises with
increasing temperature as it is depicted in Fig. 4(c). The heat capacity is
the measure of the amount of heat energy required to cause a change in
temperature of a substance by a certain amount. A large heat capacity
translates into high thermal conductivity and low thermal diffusivity in

50 T T T

(b)

-50 i
-100 4 -

-150 4 -

Debye vibrational free energy (kJ/ (N mol))

-200

T T
400 600

TK

1
0 200 800

200 T T

(d)

150 - -

100 -

50 4 -

Debye heat capacity C,, (J/K /(N mol))

400
T(K)

T
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Fig. 4. The thermodynamics properties of the Na,CuP ternary compound for: (a) Debye vibrational energy, (b) Debye vibrational free energy, (c) Debye entropy, and

(d) Debye heat capacity.
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a material. In the Debye model, the volumetric heat capacity is given in
Equation (7) as;

9
d (U T\? [T xte
o=ar(n)=%(s) [ @ ne

where U is the internal energy of the solid material, N is the number
of atoms in the solid, R is the gas constant, T is the temperature, 0, is the
Debye temperature, x = 4w/KpT is a dimensionless quantity where o is
the angular frequency of crystal lattice vibrational mode [44]. Fig. 4(d)
shows the Debye heat capacity for the NaoCuP ternary compound where
it can be observed that the heat capacity increases rapidly before
approaching almost a constant value, this behaviour corroborates what
is predicted by the Debye model that the heat capacity approaches
constant value after it has attained the materials Debye temperature,
which had been calculated earlier in elastic constants calculation as
0p = 319K.

)

3.5. Optical properties

The optical properties reveal the interaction between matter and the
incident electromagnetic wave spectra and the characteristic bandgap of
the material being studied. In this work, a detailed description of the
optical properties of the NapoCuP ternary compound is presented with a
frequency-dependent dielectric function using GGA-PBE. The dielectric
function, known as the permittivity of the material, is described by a
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complex dielectric function consisting of two related parts, as given in
Equation (8).

e(w)=¢(w); +je(w), ®

In equation (8), e(»), = n(»)* — k(»)? is the real part composed of
the refractive index n(w) and extinction coefficient k(w), while ¢(w), =
2nk is the imaginary part of the dielectric function. The real part rep-
resents the generated polarisation owing to the interaction between the
electromagnetic spectra and the material, and the imaginary part shows
the ability of the material to attenuate the incident electromagnetic
spectra. Fig. 5(a) shows the dielectric functions for the real and imagi-
nary parts, where it is observed that the real part of the dielectric
function has a strong dispersion signal from 0 eV to 3.4 eV then the
dispersion assumes negative values from 3.4 eV-15 eV. In the cases
where the values are negative, the photons of the electromagnetic wave
spectra become completely attenuated, and the material is said to assert
a metallic characteristic.

It can also be observed that the real part had a static value beyond
13.6 eV. On the other hand, the imaginary part of the dielectric functions
shows a strong absorption peak between 1.1 eV — and 6.6 eV, thereafter,
the signal monotonically decreases gradually. The section occupied by
the strong absorption signal is the infrared to the ultraviolet region of
the spectrum, which shows that the NapCuP material may be suitable for
applications in photovoltaic devices such as solar cells.

The refractive index and extinction coefficient patterns of the studied
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Fig. 5. Optical properties of Na,CuP ternary compound showing (a) dielectric constants epsilon 1 and epsilon 2, (b) frequency-dependent refractive index and
extinction coefficient, (c) frequency-dependent absorption coefficient, and (d) frequency-dependent energy loss function.
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material are shown in Fig. 5(b) as a function of energy in the range of
0-20 eV which represents the deep ultraviolet to infrared regions of the
electromagnetic wave spectrum. The refractive index of the materials
forms a dispersion of the incident electromagnetic wave spectrum. The
refractive index describes the refraction factor of the material at
different wavelengths of the spectrum, whereas the extinction coeffi-
cient describes the attenuation or extent of absorption of the incident
photons at different wavelengths.

The extinction coefficient is related to the absorption coefficient by
4nk/A where 1 is the wavelength of the incident electromagnetic wave
spectra. The refractive index is closely related to the real part of the
dielectric constant ¢(w),. Moreover, it can be observed that the static
values of the refractive index to that of the real part of the dielectric
constant agree very well with their well-known relationship which is
£(0); = n(0)*. The refractive index revealed strong dispersion between
the 0-8.2 eV region of the spectra and a monotonic decrease beyond 8.2
eV. The refractive index value of Na,CuP material was obtained as 3.7.
The extinction coefficient represents the extent of absorption of the
incident light photons by a material; the higher the value, the higher the
absorption, and vice versa. The extinction coefficient signal for NayCuP
starts at approximately 1.15 eV, it then rapidly increases to its maximum
point at 4.15 eV and then decreases gradually up to the end of the
spectrum at 20 eV.

The optical absorption coefficient is the measure of the amount of
light a medium absorbs. The absorption coefficient depends on the
particular material and wavelength, meaning that the higher the ab-
sorption coefficient, the higher the absorption by the material at that
particular wavelength. Fig. 5(c) shows the absorption characteristics of
Na,yCuP, where the absorption coefficient spectrum is almost identical to
that of the extinction coefficient. The Na,CuP material was observed to
possess a strong absorption between 1.15 eV and 15 eV, and beyond 15
eV, it still showed a substantial amount of absorption. The absorption
coefficient characteristics support an earlier observation that Na,CuP is
an excellent material for photovoltaics.

The energy-loss function describes the amount of energy lost by the
incident photons of the electromagnetic wave after interacting with the
material. The energy loss may take different forms, either through the
excitation of collective electron excitations such as plasmons or inter-
band transitions. Information revealed by the energy loss function is
crucial for studying the electronic structure and optical properties of a
material. Fig. 5(d) shows the energy-loss function of Na;CuP as a func-
tion of energy. This shows that the material had a higher energy loss at
higher energies and vice versa.

Optical reflectivity occurs when the incident electromagnetic wave
spectra or the photons interact with the material. Some photons are
absorbed, while others are transmitted through or reflected. Reflectivity
can vary depending on the type of material used, such as a good
conductor, lossless dielectric, or lossy dielectric. Fig. 5(e) shows the
reflectivity characteristics of the NayCuP ternary semiconductor. It can
be observed that the reflectivity and energy loss spectra are opposite to
each other; in the spectral section where reflectivity is strong, the energy
loss is lower, and vice versa.

4. Conclusions

The Zintl-phased NayCuP compound has been determined to be a
semiconductor material with its bandgap predicted to be 0.7523 eV and
0.7848 eV using generalised gradient approximation with Wu-Cohen
and Perdew-Burke-Ernzerhof functionals, respectively. The bandgap
was re-approximated using metaGGA functionals as 1.078 eV and 1.084
eV using Tran-Blaha modified Berke Johnson (TB-mBJ) and SCAN
functionals, respectively. The projected density of states using the GGA
revealed that the conduction band formation was mainly by Cu 2p, P 2p,
and Na 2s orbitals with the rest of the orbitals making a minor contri-
bution, whereas the valence band formation was mainly formed by Cu
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Fig. 5(e). The frequency-dependent reflectivity of Na,CuP ternary compound.

3d and P 2p, with the rest of the orbital playing a minor role in the
formation. The NayCuP material was found to be mechanically brittle
with a covalent bond, which is a characteristic of Zintl-phased materials.
The thermodynamic properties support the findings of the mechanical
properties of the material and agree with the Debye model. The NapyCuP
material was observed to strongly absorb light in the 1.15 eV-15 eV
energy region, portraying its suitability for photovoltaic applications.
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