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New findings on a Zintl phased KzAgzAs, ternary
semiconductor compound for photovoltaic
applications by first-principles methods

Magdalene Mutheu Kimuyu, Robinson Musembi, (2 * Julius Mwabora and
Francis Nyongesa

A Zintl-phased KzAgzAs, ternary compound previously not studied using ab initio techniques was
analysed for its structural, electronic, mechanical, elastic, and optical properties using LDA-PZ, GGA-EV,
GGA-PBE, GGA-PBESol, GGA-revPBE, and SO-GGA as the exchange correlation functionals. The
structural property calculations showed that the material adopts a rhombohedral crystal structure with a mean
lattice parameter of 15.1808 a.u. The material has been found to have a direct bandgap where the lowest
value has been found to be 1.07 eV while the highest value was 1.74 eV when using PZ-LDA and EV-GGA,
respectively. The density of states calculations have shown that the valence band formation is dominated by
orbitals As 2p and Ag 3d, whereas the conduction band is mainly formed through the hybridisation of Ag 2p
and As 2p orbitals. This material has been found to be mechanically stable and ductile and has ionic bonding.
The optical property calculations have shown that it is suitable for optoelectronic applications. The obtained
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Introduction

For many years, materials science has been at the forefront of
fostering the development of new materials for technological
advancement that could potentially address ecological and
economic sustainability." In the recent past, there has been a
plethora of compound materials reported including binary,
ternary, and even quaternary materials with very interesting
properties, such as ternary Zintl compounds which have
attracted significant attention among materials scientists
because of their potential applications in electronic, spintronic,
thermoelectric, health, space science, and optoelectronic
industries.”™ The classical Zintl concept materials are mainly
binary compounds, and as more compounds were discovered,
including ternary and quaternary structures, the definition
describing them became limiting.” Therefore, Schafer et al.°
proposed a more generalised definition that accommodates
many elements. Ternary Zintl compounds are formed from
the combination of elements from electropositive group I,
(Na, K, Rb, and Cs) or group II, (Mg, Ca, Sr, and Ba) with
group V, (P, As, Sb, and Bi) and group Iy (Cu, Ag, and Au).”
Different ternary compounds adopting varied stoichiometric
structures have been investigated in the past for different
applications; nonetheless, semiconductors for optoelectronic
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values have been found to be consistent with the experimental values obtained previously.

applications are less studied,®*° and therefore, the basis and
the motivation for this work, furthermore, A;B;X, stoichio-
metric ternary compounds remain widely unexplored. An experi-
mental and theoretical analysis of the crystal structure of rubidium
copper arsenide Rb;CuzAs, was reported by Ovchinnikov et al.,"" in
which the material was observed to exhibit semiconducting prop-
erties following the electron counting scheme,® and the chemical
bonding was covalent for the Cu-As bond and ionic for the Rb-As
bond. Similar 3-3-2 structures have been previously studied
experimentally, as well as using ab initio methods for K;Cu;P,,
K;3Cu;3As,, K3CuzAg,, K3Au,Sb,, and RbzAusSb,. All the compounds
reported here can be rationalised using the Zintl concept scheme,
such that (A")3(B")5(X*"),, where A is group I, or Il,, B is a group I,
and X is a group V, element. In this work, for the first time,
previously existing experimental data'? have been utilised for Zintl
phased K;Ag;As, ternary semiconductor materials to computation-
ally investigate their structural, electronic, mechanical, elastic, and
optical properties using first-principles methods for optoelectronic
applications.

Computational methods

All calculations for the structural, electronic, mechanical, elastic,
and optical properties of the K;AgsAs, ternary compound were
performed using the plane wave self-consistent field PWscf
method based on density functional theory, as implemented
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in the Quantum ESPRESSO computational code.""* The inter-
actions between the ionic core electrons and the valence
electrons were described using the scalar relativistic core
correction pseudopotential method, mainly ultrasoft, for most
of the calculations, except for the optical properties which are
best performed using the norm-conserving pseudopotentials,
in which the valence electron configurations for the K;Ag;As,
ternary compound are K [Ar] 4s, Ag [Kr] 4d'°5s, and As [Ar]
3d"°4s4p®, respectively. The exchange-correction functional
was described using different functionals depending on the
exchange-correction potential being calculated. In this work,
for the local density approximation, LDA-PZ (Perdew-Zunger)"’
was used; on the other hand, for the generalised gradient
approximation, GGA-EV (Engel-Vosko),'® SO-GGA (second order
GGA),”” GGA-PBE (Perdew-Burke-Ernzerhof), ~GGA-PBESol
(Perdew-Burke-Ernzerhof for solids),'® and GGA-revPBE (revised
Perdew-Burke-Ernzerhof)'® were used to triangulate and obtain
the best approximation for the compound. The choice of the
exchange correlation potential depends on the specific problem
being studied and the level of accuracy required. Each functional
has strengths and weaknesses, and there is no one-size-fits-all
solution in computational materials science. Researchers often use
a combination of different functionals to obtain a more accurate
description of a system under investigation. The local density
approximation, LDA, and the generalised gradient approximation,
PBE and PBESol, have been widely used to describe the properties
of periodic material systems since their respective pseudopoten-
tials have been optimised and are readily available in most
databases. The first irreducible Brillouin zone (BZ) sampling was
performed using the Monkhorst-Pack scheme,?® and the first BZ k-
points used during optimisation were 8 x 8 x 8 with an offset of 0.
Other optimizations done were for the kinetic energy and charge
density cut-off which were set to be 60.0 and 480.0 Rydberg,
respectively, and the lattice parameter a, as a function of total
energy, and the variable cell relaxation, was calculated at
0.0 applied pressure following the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm, thereafter it was set as the default value
for any subsequent calculation. In all the calculations the conver-
gence tolerance was set at 2.0 x 10~ °. After optimisation, the
kinetic energy and charge density cut-off were set at 140.0 and
1120.0, respectively, and the BZ k-points were set at 9 x 9 x 9 at
offset 0 for most of the calculations, except during the non-self-
consistent field calculations for which they were set at 14 x 14 X
14 at offset 0.>'*> After obtaining the optimised values, subsequent
calculations were performed using a self-consistent field calcula-
tion for the electronic, mechanical, elastic, and optical properties.
The obtained results were subjected to post-processing procedures
using various tools to extract and visualise the results.

Results and discussion
A. Structural properties

The K3;Ags;As, compound crystallises into a trigonal crystal
system while the lattice adopts a rhombohedral structure with
space group R3m number 166, the lattice parameters for the
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Fig. 1 Crystal structure of trigonal ternary KsAgsAs, compound.

conventional system are a = b = 5.99 A, ¢ = 21.42 A; a = f = 90°,
y = 120° and the crystal structure is shown in Fig. (1).

In the K;Ag;As, crystal system, the K™ atoms are positioned
at two inequivalent locations. In the first instance, K" is bonded
to four equidistant As®” atoms to form a K-As, trigonal
pyramid. The K-As bond lengths are inequivalent, there are
one shorter (3.31 A) and three longer (3.46 A) bond lengths. In
the second instance, the K' atom is bonded to six equivalent
As®” atoms. All K-As bond lengths are 3.85 A. Ag" is bonded
collinearly to two equidistant As®~ atoms. The Ag-As bond
length is 2.56 A. The lattice parameters of the material were
analysed by fitting total energy against the lattice parameter,
a,, data to the Birch-Murnaghan equation® of state as given in
eqn (1), where E(V) is the total energy of a unit cell of volume V,
E, is the ground state energy corresponding to the equilibrium
unit cell volume, V, is the volume of the unit cell at the
ground state, and B, is the first pressure derivative of the bulk
modulus B.

E(V) = Ey(V) +

Bo(l—%)Jr((%)B@_l)] (1)

Fig. (2) shows the calculated and Murnaghan fitted data for
the equilibrium volume as a function of energy using the
PBE functional. The more detailed extracted data using the
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Fig. 2 Calculated and Murnaghan fitted equilibrium cell volume of
K3AgsAs, ternary compound using PBE functional.
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Table 1 Computed ground-state lattice parameters, bulk modulus, equilibrium volumes, and enthalpies of formation for the KsAgsAs, ternary

compound using various correlation functionals

Lattice parameter a, (a.u.)

Bulk modulus B, GPa

Equilibrium volume (a.u.)? Enthalpy of formation AH; (Ry)

LDA 14.5735 52.1
EV 17.0635 13.1
SOGGA 14.2105 91.1
PBE 15.1151 33.4
PBESol 14.8015 41.7
revPBE 15.3209 28.8
Experimental work 15.1590"?

6-exchange correction functionals are given in Table 1. The
average lattice parameter g, = 15.1808 a.u. was found to be in
good agreement with the previously obtained experimental
value of 15.1590 a.u.'?

B. Electronic properties

One of the key criteria for understanding the properties of a
material is to study its electronic properties, which are a
function of the electronic states and their intrinsic behaviour.
The analysis of the electronic properties, including the band
structure and projected density of states for the K;Ag;As,
ternary compound, was performed using all the 6-exchange
correlation functionals to triangulate the best prediction for the
band gap which is a useful characteristic, especially for photovoltaic
applications, as well as other optoelectronic applications. The
calculations were performed in the first Brillouin zone using the
following 10 high-symmetry points: I'-T-H,|Hy-L-I'-So|So—F-I.
The results obtained are illustrated for each of the respective
functional in Fig. 3(a—f), with the Fermi level at 0 and the energy
band plot ranging between —5.0 eV and 6.0 €V for minima and
maxima, respectively. The smallest band gap was predicted to be
1.07 eV using LDA-PZ, Fig. 3(a), which is lower than that listed in
the database from which the crystallographic information file was
obtained.* This is attributed to the fact that the local density
approximation method based on the Perdew-Zunger exchange
correlation functional underestimates the size of the band gap,
as has been reported previously in the literature.”>?® In contrast,
the largest band gap was predicted to be 1.74 eV using the Engel-
Vosko exchange correlation functional, as shown in Fig. 3(b), a
value that is higher than that provided in the database. This is
attributed to the fact that, in most cases, the Engel-Vosko exchange
correlation functional gives an overestimated value higher than the
experimental value and those obtained using other functionals
such as metaGGA and hybrid functionals.”” The band gaps
obtained from the other functionals were 1.16 €V using second-
order SO-GGA, 1.19 eV using GGA-PBE, 1.13 eV using GGA-PBESol,
and 1.23 eV using GGA-revPBE. The bandgaps predicted using the
six functionals suggest that K;Ag;As, is a semiconductor material
with a direct band gap which is located at symmetry point T where
both the valence band maxima and conduction band minima are
located, and it is clearly seen that the band gap lies within the
visible and near-infrared region of the electromagnetic spectra,
indicating that K3;Ag;As, may be suitable for photovoltaic applica-
tions, especially in solar cells. The projected density of states
predicted using the six functionals showed a closer relationship,

© 2024 The Author(s). Published by the Royal Society of Chemistry

1373.3 —465.7
2205.0 —474.9
1273.6 —468.1
1532.6 —470.3
1439.2 —464.3
1596.1 —470.5

and the major difference was only seen in the total projected
density of states. The results for the projected density of states
are shown together with the electronic band structures for the six
functionals. The valence band formation was observed to be mainly
due to the As 2p and Ag 3d orbitals while the rest of the orbitals
made minimal contributions. On the other hand, the conduction
band formation was majorly due to contributions from the Ag 2p
and As 2p orbitals, and similarly, the rest of the orbitals made
minor contributions. The results obtained from the projected
density of states seem to corroborate those obtained from the
electronic band structure, especially the size of bandgap formation
and the Fermi level position.

C. Elastic and mechanical properties

To describe the mechanical properties of a material, the elastic
constants are crucial and fundamental parameters of study.
The elastic constants help in understanding how a material
behaves under deformation and its resilience to plasticity. The
elastic constants also serve as a connection between the
mechanical and dynamical behaviour of a crystal structure of a
material.>®?°

The K3;Ag;As, ternary compound adopts a rhombohedral
class I structure, in this class, it features 6 independent elastic
constants namely C;4, C1,, Cy3, C14, C33, C44 and one dependent
elastic constant, that is Cgs = (C1; — C1,)/2.>° For the mechan-
ical stability of this material, it should fulfil the following
necessary and sufficient conditions:

Ci1 > |Craf; Cas >0

1
2
Ci3 <2(C11 +C12) (2)

Cié < %C44(C11 — C12) = C44Cos
The bulk modulus B of a material reveals the mechanical
stability and its resistance against compression. The bulk
modulus for the K;Ag;As, ternary compound was predicted
to be between 19.97-37.68 GPa as shown in Table 2. The
higher the bulk modulus value the harder the material and
vice versa, and the material under investigation was found
to be a soft material, this is because it has a lower value
compared to materials such as steel, B= 160 GPa, and diamond,
B = 443 GPa.>' Another important parameter of mechanical
property is Young’s modulus E, which is the measure of
the stiffness of a material against stretching or compression.
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Fig. 3 (a) LDA-PZ electronic band structure with bandgap £4 = 1.07 eV and density of states for KsAgzAs, ternary semiconductor compound. (b) EV-GGA
electronic band structure with bandgap E4 = 1.74 eV and density of states for KzsAgsAs, ternary semiconductor compound. (c) SO-GGA electronic band
structure with bandgap E4 = 1.16 eV and density of states for KzAgsAs, ternary semiconductor compound. (d) PBE-GGA electronic band structure with
bandgap £4 = 1.19 eV and density of states for KsAgzAs, ternary semiconductor compound. (e). PBESol-GGA electronic band structure with bandgap
Eq = 1.13 eV and density of states for KzAgsAs, ternary semiconductor compound. (f) revPBE-GGA electronic band structure with bandgap £4 = 1.23 eV
and density of states for KsAgsAs, ternary semiconductor compound.
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Table 2 Voigt—Reuss—Hill average mechanical properties, bulk modulus
B, Young's modulus E, shear modulus G, Pugh’s ratio B/G, Poisson’s ratio n,
and Debye temperature

B(GPa) E(GPa) G (GPa) B/G a 0p (K)
LDA 19.97 23.19 8.94 2.23 0297  149.1
EV 37.68 28.28 10.33 3.65 0370  166.3
SOGGA  33.10 47.84 19.05 1.74  0.256  217.8
PBE 23.17 24.34 9.24 2.51 0318  154.4
PBESol  23.45 26.35 10.09 2.32 0306  159.9
revPBE  20.98 21.48 8.14 2.58 0320  144.5

The value obtained for K;Ag;As, ranges from 21.48 GPa to
47.84 GPa (Table 2). The higher the value of E the stiffer the
material, and K;Ag;As, is less stiff as compared to steel, E =
200 GPa*? and diamond E = 800 GPa.** Pugh’s ratio B/G is a
limiting parameter that determines the mechanical behaviour
of a material on whether it is ductile or brittle. A material is said
to be ductile if B/G > 1.75 or otherwise is brittle if B/G < 1.75.
From the results shown in Table 2, most of the functionals
predicted that the material is ductile except for SO-GGA which
predicted that the material is brittle. The Poisson’s ratio ¢ is
a parameter that informs on the interatomic bonding of a
material, a material is covalent if 0 < ¢ < 0.25, and ionic if
0.25 < ¢ < 0.5 is true. In this case, K;Ag;As, was found to be
ionic thus corroborating the behaviour of most Zintl-phased
materials. Further mechanical analysis results are shown in
Fig. 4(a-c).

The crystal structure orientation and the anisotropy charac-
teristics are closely interrelated. In this work, two-dimensional
(2D) analysis was performed on the anisotropy relationship for
Youngs’s modulus, shear modulus, and Poisson ratio.** The
anisotropy of a crystal structure is represented by a deviation
from a perfect circle under applied pressure. A perfect circle
represents the isotropy of the crystal structure plane. In Fig. 4,
the blue colour represents anisotropy/isotropy, while linear
compressibility is represented in the green colour for positive
values and the red colour for negative values. Fig. 4a shows the
spatial dependence of Young’s modulus plotted for xy, xz, and
yz in the 2D scheme.*® In the first instance, the xy spatial
dependence of the Young’s modulus shows that it is a perfect
circle indicating that in this orientation the crystal plane is
isotropic otherwise in the xz and yz planes which predicts
anisotropic behaviour. In the case of spatial dependence of
shear modulus, the crystal plane shows that it is anisotropic for
all planes considered.*® The same is true for the consideration
of spatial dependence of Poisson’s ratio, nonetheless, it shows
some degree of symmetry in all sides of the quadrant.*

D. Optical properties

For materials meant for application in optoelectronics, it is
necessary to analyse their optical response behaviour in various
electromagnetic spectral ranges.

The band structure of a semiconductor material influences
the optical properties of the material and affects the optical
permittivity as well as the optical absorption behaviour. The
complex dielectric function is a frequency-dependent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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parameter used in analysing the optical response, and it is com-
posed of two parts related to each other by the eqn (3).282%36738

8(@) = &4() + jea() 3)

where &;(w) = n*(w) — k*(w) is the real part, while &,(w) = 2nk is
the imaginary part of the dielectric function, with n and & being
the refractive index and extinction coefficient, respectively.
&1(w) represents the dispersion of the incident photon by the
material, and &,(®) represents the energy absorption by the
material and relates to the optical transition from the valence
band to the conduction band of a semiconductor material. The
other derived functions are given by eqn (4)-(8) and their
respective optical response values are plotted in Fig. 5(a-¢).>**°

1/2

() = 3(1(0) + (2(0) +22()7) ) (4)

ko) = 5(~a() + (s20) +22@)'2)) )

&(w)
T g2 (o) + e (w) (8)

It can be observed in Fig. 5(a) that the real part of the
dielectric function ¢;(w) has a higher signal between 0 and
2.53 eV, from there it assumes a negative signal from 2.53 eV to
3.87 eV followed by a brief positive signal before assuming
another section of negative signal between 4.35 eV and 8.02 eV.
In the sections where it has a negative signal, the photons of
the electromagnetic waves in those regions are completely
attenuated and the material exhibits a metallic behaviour. In
the case of the imaginary dielectric function ¢,(w), it shows a
large absorption peak between 0.6-3.78 eV, this section lies the
visible region to the near-infrared region of the spectrum and
reveals that this material may be suitable for application in
photovoltaics. The imaginary dielectric function is closely
related to the absorption coefficient shown in Fig. 5(b).*' The
absorption coefficient reveals the skin depth of a material by
determining how far light photons of a particular wavelength
penetrate and their penetration depth before they get comple-
tely attenuated, and it is noteworthy that absorption is depen-
dent on the material and the incident wavelength.

The material shows that it had strong absorption from
0.6 €V to 20.0 eV, with dispersion shoulders shown by peaks
at 1.21 eV and another peak at 1.67 eV, these shoulders lie at
points where some functional predicted the band gap of the
semiconductor material. The dispersion of the incidence elec-
tromagnetic waves is described by the refractive index of a
material. The refractive index tells how much the incident rays
are refracted by a material while the extinction coefficient

Mater. Adv,, 2024, 5,1639-1647 | 1643
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Fig. 4 Spatial dependence of the mechanical properties (a) Young's modulus, (b) shear modulus, and (c) Poisson’s ratio for the KsAgsAs, ternary
compound, where blue colour is anisotropy/isotropy of the material, while green and red colour represents linear compressibility either when positive or

negative value, respectively.

describes its absorption or attenuation by a material, and it is
related to the absorption coefficient by o = 4nk/4 where 1 is the
wavelength of incidence light in free space. The refractive index
and the extinction coefficient of the K;Ags;As, ternary com-
pound are shown in Fig. 5(c). In Fig. 5(c), it can be seen that
the refractive index dispersion is closely related to the real part
of the dielectric constant & (). The material shows that both
the refractive index and the extinction coefficient had higher
dispersion in the lower energy region from 0.0 to 10.0 eV, while
from 10.0 to 20.0 eV, their dispersion was very low. Another
optical parameter essential for the study of optoelectronics is
the reflectivity. The reflectivity properties of K;Ag;As, are
shown in Fig. 5(d).

When the incident electromagnetic waves interact with a
material, depending on the nature of the material whether
a good conductor, lossy dielectric or lossless dielectric, the

1644 | Mater. Adv, 2024, 5,1639-1647

incident wave part of it is either gets reflected and the other part is
transmitted or absorbed by the material. The material shows
strong reflectivity characteristics in the lower energy region than
in the higher energy region. To understand further what happens
during the interaction of the photons with the material, there is a
need to look at the energy loss spectra shown in Fig. 5(e).

The energy loss spectra describe the relation between the
amount of energy lost by the incidence photons when they
interact with a material. K;Ag;As, shows strong energy loss
between the 5.0 eV to 17.0 eV part of the spectrum.

The information gathered on optical properties is useful in
determining application suitability in various optoelectronic
devices such as photovoltaic solar cells, photodetectors, light-
emitting diodes, lasers, etc. From the analysis carried out on
K3Ag3As,, it was found that it is suitable for application in
optoelectronics especially in photovoltaics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Frequency dependent dielectric constant function for KzAgsAs, ternary compound. (b) Frequency dependent absorption coefficient of

KzAgszAs; ternary compound. (c) Frequency dependent refractive index and the extinction coefficient of the KzAgzAs, ternary compound. (d) Frequency
dependent reflectivity of the KzAgsAs, ternary compound. (e) Frequency dependent energy loss spectra of the KsAgsAs, ternary compound.

Conclusions

First principles methods have been used to study the structural,
electronic, mechanical, elastic and optical properties of a
K3Ag;As, Zintl phased ternary semiconductor compound using
six different exchange correlation functionals including LDA-
PZ, GGA-EV, SO-GGA, GGA-PBE, GGA-PBESol, and GGA-revPBE.
These functionals have played a role in complementing each

© 2024 The Author(s). Published by the Royal Society of Chemistry

other since each has different strengths in different calculations.
The structural property calculations have shown that the material
adopts a rhombohedral crystal structure and the mean lattice
parameter was 15.1808 a.u., and this value has been found to
agree closely with the previously calculated experimental value of
15.1590 a.u. The electronic band structure has been found to
range between 1.07 eV and 1.74 eV. The study of the orbital

Mater. Adv,, 2024, 5,1639-1647 | 1645
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contribution to the formation of bands has shown that valence
band formation is mainly due to As 2p and Ag 3d orbitals with
minimal contributions from other orbitals, while the conduction
band formation is majorly due to contributions from the Ag 2p
and As 2p orbitals with minor contributions from other orbitals.
The material has been found to be soft, ductile and possess ionic
bonds. The optical properties have shown that the material is
suitable for optoelectronic applications.
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