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Abstract

Cu-based chalcogenide materials have attracted a great deal of attention due to their prom-
ising optoelectronic properties. The density functional theory (DFT) framework is used
in order to estimate the optical and electronic properties of XCu,GeQ, (X=Ba, Sr and
Q=S, Se). We report the optical and electronic properties of Cu-based chalcogenides in
this study, which have narrow and direct bandgap materials. The calculated energy band-
gap of quaternary chalcogenide materials decreases in the following sequence: SrCu,GeS,
(0.697 eV), BaCu,GeS, (0.667 eV), BaCu,GeSe, (0.378 eV), and SrCu,GeSe, (0.195 eV).
This reduction in energy bandgaps shows significant effect of changing dopants on elec-
tronic and consequently optical properties of XCu,GeQ, (X=Ba, Sr and Q=S, Se). The
optical characteristics of these materials are investigated in order to explore their poten-
tial for optoelectronic applications. However, other materials are emerging as contenders
for solar cells, which operate from UV to infrared regions. Initially in infrared region, we
can note a redshift in the maximum absorption of incident photons from &,(w) plots in the
following sequence: BaCu,GeS, (1.52 eV), SrCu,GeS, (1.50 eV), BaCu,GeSe, (1.30 eV),
and SrCu,GeSe, (0.93 eV). The approximated values of reflectivity, R(w) are plotted
against incident photon energy from 0 tol4 eV. Thus, the reflectivity is approximately
below 50% before E~12.0 eV and then increased to 70% reflection at~13.0 eV. Based
on calculated thermoelectric properties, these chalcogenides are promising thermoelectric
materials. The ZT values of XCu,GeQ, (X=Ba, Sr and Q=S, Se) decreased in the follow-
ing sequence: SrCu,GeSe, (2.6), BaCu,GeSe, (1.85), SrCu,GeS, (1.01) and BaCu,GeS,
(0.94). Hence, we believe our findings propose promising materials for anti-reflecting coat-
ing layers in optoelectronic technology.
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1 Introduction

Scientists are extremely encouraged by the insufficiency of the natural energy sources in
order to develop novel renewable energy sources. Quaternary sulfides are a significant fam-
ily of inorganic materials with exciting application potential for renewable energy devices
(Zhang et al. 2018). Significant advancements have been made in the synthesis and char-
acterizations of quaternary sulfides during the past few decades (Brant et al. 2014; Chen
et al. 2018; Li et al. 2012; Zhang et al. 2016). The transition metal elements (Cu, Ag, Zn,
Cd, and Hg) and main group elements (In, Ga, Sn, Ge, As, and Sb) typically make up the
frameworks of these sulfides/selenides. Researchers are drawn to quaternary sulfides due
to enhanced probability for discovering novel functional materials because of diversity in
their composition and structure. These quaternary chalcogenide materials are promising
materials for various device applications such as radiation detection, catalysts, non-linear
optics, and solar energy conversions.

The global energy crisis can be addressed by using thermoelectric (TE) materi-
als, because they are efficient alternatives for fossil fuels (He et al. 2013; Snyder and
Toberer 2008). The performance of TE materials is evaluated by using the figure of merit
ZT = 68°T/x, where , T, S, and o represents thermal conductivity, temperature, the See-
beck coefficient, and electrical conductivity, respectively. Thermal conductivity includes
both phonon (x;) and electronic (x,) components. Improving ZT by the subjective tuning
of these parameters is a challenging task, which is due to the close relationship between x,,
o, and S. Thus, scientists have employed several strategies, which include nanostructures
(Gao et al. 2020; Wang et al. 2020), power factor (S?c) enhancement by band structure
engineering (Huang et al. 2017; Li et al. 2016b; Mobaraki et al. 2018; Pei et al. 2011; Zhao
et al. 2013), and the weakening of thermal conductivity by alloy defects (Pei and Morelli
2009; Poudel et al. 2008; Shen et al. 2017), in order to improve the ZT values. Further-
more, the ZT values can also be considerably improved by discovering novel TE materials
with low thermal conductivity and high-power factors (Ding et al. 2018; Llanos et al. 2001;
Wang et al. 2018).

Scientists have developed an enormous amount of interest in the quaternary metal chalco-
genides AB,XY, (A=Sr, Ba; B=Cu, Ag; X=3Sn, Ge, Si; Y=Se, S) in recent decades, which
is due to their prospective photovoltaic and optoelectronic applications (Assoud et al. 2005;
Ding et al. 2019; Hong et al. 2016; Jiahong Kuo et al. 2019; Llanos et al. 2001; Nian et al.
2017; Shin et al. 2016; Teymur et al. 2018; Xiao et al. 2017; Zhu et al. 2017). BaAg,SnSe,,
BaCu,GeSe,, SrCu,GeSe,, and BaCu,SnSe, were anticipated to have high power factors
among these compounds. Nian et al. (2017) explored the optical characteristics of BaCu, XY,
(X=Sn, Si, Ge; Y=S, Se). It was revealed that the orthorhombic BaCu,SnSe, absorber
shows exceptional photovoltaic characteristics, which is based on systematic theoretical and
experimental investigations (Xiao et al. 2017). Four compounds according to Kuo et al., which
include (BaAg,SnSe,, BaCu,SnSe,, SrCu,GeSe, and BaCu,GeSe,) more significantly show
low thermal conductivities (0.48-0.34 Wm™! K~! at 673 K) (Jiahong Kuo et al. 2019). The
crystalline BaCu,SnSe, and SrCu,GeSe, have the same structures and belong to the same
space group, which is Ama2. There is a very limited amount of literature that is available
on the TE characteristics of these chalcogenide materials, but their ZT values and underlying
electronic transport characteristics are still ambiguous. Metal chalcogenides have evolved as
fascinating optoelectronic materials during the last few decades, which is due to their captivat-
ing physiochemical characteristics and structural diversities (Guo et al. 2017; Li et al. 2016a,
2017; Liang et al. 2017; Lin et al. 2017; Ma et al. 2014; Mei et al. 2014). Tetrahedral units,
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which have been verified as active units, in order to make a primary contribution for the non-
linear optical (NLO) effect, are present in most of them. Chalcogens and group 14 elements,
which include Sn, Ge, and Si are usually coupled in order to generate the deformed [MIVQ4]
tetrahedra (Brant et al. 2014; Morris et al. 2013; Rosmus et al. 2014; Wu et al. 2015a, b; Zhen
et al. 2016). Numerous novel metal chalcogenides with appealing NLO performances and the
[MIVQ4] tetrahedra have been reported in the literature to date, such as Na,BaSnS, (Wu et al.
2016), p-K,Hg;Ge,Sq (Liao et al. 2003), Na,Hg;Ge,Sg (Kuei et al. 2016), and Li,CdGeS,
(Lekse et al. 2009). In literature, various studies are available that report thermoelectric,
half-metallic, structural, and optical properties of different materials using DFT calculations
(Boochani et al. 2010; Lahourpour et al. 2019; Yeganeh et al. 2020, 2022).

In this article, GGA +U based DFT calculations have been employed to investigate struc-
tural, electronic, optical, and thermoelectric properties for chalcogenide materials XCu,GeQ,
(X=Ba, Sr and Q=S, Se). The significant effect of replacing Ba with Sr and S with Se is
evident from the calculated results (structural, electronic, optical and thermoelectric). Band
gap engineering is possible due to these replacements; hence, other properties can also be
tuned. From optical properties, we can note that SrCu,GeSe, is the most promising candi-
date for solar applications. However, BaCu,GeS, is the most promising candidate for thermo-
electric device applications. Our calculated results show that these compounds are promising
candidates for photovoltaic and thermoelectric device applications. We believe that we got
improved results in this study compared to previous studies.

2 Methodology

The ground state properties of metal chalcogenides are reported in this paper, which are based
on the density functional theory (DFT) (Abbas et al. 2020b) calculations using the full poten-
tial linearized augmented plane wave (FP-LAPW) (Abbas et al. 2020a) procedure that was
executed in the WIEN2K code (Abbas et al. 2022b, 2023a). The generalized gradient approxi-
mation (GGA) with addition of Hubbard correction (U = 7.0) is used, because they seem to
be crucial in regards to handling correlated electron systems in order to calculate exchange
and correlation potentials (Azam et al. 2018). The unit cell space is generated in the FP-
LAPW approach by combining muffin-tin spheres, which are atomic spheres, and the inter-
stitial region (IR). The potential is assumed to be constant in the interstitial region, but it is
assumed to be a spherically symmetric as a function of r <R, in the muffin—tin spheres. It is
possible to prevent current leakage from the atoms’ core states as well as guarantee that there
is no overlapping of atomic spheres during the convergence of total energy by selecting appro-
priate muffin-tin radii for various elements. The Schrodinger wave equation (SWE) is solved
in the muffin-tin spheres and the interstitial region using the plane wave function and the radial
wave function’s time spherical harmonics.

V(r) = ; Vkei_k"_; (1

Here, Fermi wave vector (Z) and plane wave’s amplitude at % (V) is used to calculate
spherical potential.

V(r) = ; Vi (MY,,(r) 2)
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The wave functions are expanded by choosing the maximum angular momentum
(!ax) as 10 in the muffin-tin radii, and the cutoff energy is specified to be —6.0 Ry. We
choose the convergence value for the force to be 0.0001 Ry, and we choose total energy
to be 0.001 Ry/au. The values of G,,,, = 12 and Ry;; X K,,,, = 7.0 are set to be cutoff
values for plane wave in the first Brillouin zone, and all calculations are performed
using a dense k-mesh of 500 points. The largest reciprocal lattice vector is illustrated by
K,,..» and the smallest muffin-tin radius is indicated. The relaxed geometry was achieved
by reducing the forces on all the atoms to less than 1 mRy/au for all calculations. The
optimized unit cell structures for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are presented in

Fig. 1la—d.
3 Results and discussion
3.1 Structural properties

The structural stability of XCu,GeQ, (X=Ba, Sr and Q=S, Se) is evaluated in this section
by calculating their structural properties. The structural stability for XCu,GeQ, (X=Ba,
Sr and Q=S, Se) is investigated by probing their essential structural parameters such as
ground state energy E;, Bulk modulus (B), pressure derivate of Bulk modulus (B/) and
optimized volume (V). The optimized lattice parameters (a & c¢) are also calculated as
these structures crystallize in hexagonal symmetry. The ground state properties for studied
chalcogenides has been evaluated using total energies corresponding to optimized volume.
For XCu,GeQ, (X=Ba, Sr and Q=S, Se), Birch-Murnaghan equation of state (EOS) has
been employed to perform volume optimization (Abbas et al. 2023b).

S

¢

& o

Fig. 1 Optimized unit cell structures of a BaCu,GeS,, b BaCu,GeSe,, ¢ SrCu,GeS,, and d SrCu,GeSe,
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Fig.2 Optimized energy vs volume plots for XCu,GeQ, (X=Ba, Srand Q=S, Se)

Table 1 Calculated optimized parameters of XCu,GeQ, (X=Ba, Srand Q=S, Se)

Compound a(A) c(A) Vv, (A) B’ (GPa) B (GPa) E, (Ry)
BaCu,GeS, 6.58 16.30 3624.21 63.67 491 —90873.39
BaCu,GeSe, 6.91 17.19 4187.15 52.05 4.87 —139617.97
SrCu,GeS, 6.48 16.03 347270 66.68 492 —-61116.19
SrCu,GeSe, 7.34 17.35 4098.53 54.56 4.88 —109860.76
E, (V) = Ey (V) + BV 1 Yo + Yo" 1 3
tort 10 B/(B - 1) % v @)

Here, optimized volume (V), ground state energy (E,), Bulk modulus (B), and first pres-
sure derivative of Bulk modulus (B/) are used to calculate total energy (E,,) using above
equation. The computed energy spectra as a function of unit cell volume for XCu,GeQ,
(X=Ba, Sr and Q=S, Se) are shown in Fig. 2. The compound’s ground state energy is rep-
resented by the minimum of the E-V curve and the lattice parameters corresponding to this
point are equilibrium lattice parameters. The calculated values of optimized parameters
such as lattice parameters (a & c), ground state energy (E,), Bulk modulus (B), pressure
derivate of Bulk modulus (B/) and optimized volume (V) are presented in Table 1. It is evi-
dent from the calculated ground state energies that BaCu,GeSe, (due to lowest value of E,)
is the most stable compound compared to other studied chalcogenide materials.
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3.2 Electronic structure

The energy band structure and density of states (DOS) provide deep insights in regards to
the optoelectronic properties of crystalline materials. Energy band structures, partial den-
sity of states (PDOS), and total density of states (TDOS) are explained in this section of
the manuscript in order to discuss the electronic properties of XCu,GeQ, (X=Ba, Sr and
Q=S, Se). The origin of sub energy bands and an explanation regarding the influence of
various angular momentum components are provided below.

3.2.1 Band structure

A comprehensive analysis of the energy band structures for XCu,GeQ, (X=Ba, Sr and
Q=S, Se) shows that these Cu based chalcogenides are semiconductor compounds. A
comparison between the effect of the cation (Ba, Sr) and anion (S, Se) replacements on the
electronic behavior of Cu based chalcogenides was investigated. We demonstrated how the
substitution of Sr for Ba and Se for S affected the band structures of XCu,GeQ, (X=Ba,
Sr and Q=S, Se) by analyzing TDOS and PDOS. The calculated energy band disper-
sions for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are presented in Fig. 3a—d from —3.0 to
3.0 eV. Zero-energy also corresponds to the Fermi level (Ey) in the energy band structures.
The energy band structures for the aforesaid compounds have been investigated along the
high symmetric axis of the irreducible Brillouin zone (IBZ). The conduction band min-
ima (CBM) is located at a high symmetric point I" for all compounds. Furthermore, the
valence band maxima (VBM) can also be spotted at I" from Fig. 3, which confirms direct
energy bandgaps of 0.25, 0.38, 0.18, and 0.31 in BaCu,GeS,, BaCu,GeSe,, SrCu,GeS,,
and SrCu,GeSe,, respectively. The bandgaps of these materials are tuned by replacing Ba
with Sr and S with Se because the atomic radius of Ba is larger than Sr and same is for Se
and S. The presence of more electrons in the elements offer more electronic states (both in
valence and conduction bands) that results in the tuning of energy bandgaps.

3.2.2 Density of state

The density of state (DOS) calculations are used in order to investigate the genesis
of the different electronic states in the energy band structures, because the electronic

() : (b) -

© . () —=

1

i

I
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SrCu,GeS, |
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Energy(eV)
)

Energy(eV)

Energy(eV)

Energy(eV)

Fig.3 Calculated energy band structures for a BaCu,GeS,, b BaCu,GeSe,, ¢ SrCu,GeS, and d SrCu,GeSe,
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characteristics are mostly dependent on the conduction and valence bands of the material.
The spectra for TDOS and PDOS for XCu,GeQ, (X=Ba, Sr and Q=S5, Se) were also com-
puted, which are shown in Figs. 4, 5, 6, and 7. Information regarding the number of energy
states at a specific energy can be obtained from the calculated spectra of the TDOS for
each compound.

The calculated spectra of the TDOS and PDOS for BaCu,GeS, are presented in Fig. 4.
We can explain the valence band of BaCu,GeS, in two portions, which include (i) —3.0
to —1.5 eV and (ii)) — 1.5 to 0 eV. Significant contributions come from the Cu-atoms in
portion (i), but small contributions from the Ge- and S-atoms are also present. It is evi-
dent from Fig. 4 that significant contributions in the valence band in the PDOS come from
the Cu[34°] and S[3p4] electrons. However, small contributions from the Ba[5p6], Ba[4d']
and Ge[4p?] electrons are also present. Significant contributions come from the Cu-atoms
in portion (ii), but small contributions from the S-atoms are also present. From PDOS of
Fig. 4, that significant contributions in the valence band come from the Cu[3d°] electrons.
However, small contributions from the S[3p*] electrons are also present. Significant contri-
butions come from the Ba-atoms in the conduction band, but small contributions from the
Ge- and S-atoms are also present. From PDOS of Fig. 4, significant contributions in the
conduction band come from the Ba[5d°] electrons. However, small contributions from the
S[3p*] and Ge[4p?] electrons are also present. We can observe that near Fermi level region
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Fig.4 Calculated density of states (DOS) for BaCu,GeS,
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Fig.5 Calculated density of states (DOS) for BaCu,GeSe,

of valence band contains dense bands due to hybridization of S[3p4], Ge[4p2], Cu[3d°] and
Ba[5d°] sub-energy levels.

The calculated spectra of TDOS and PDOS for BaCu,GeSe, are presented in Fig. 5.
Significant contributions come from the Cu-atoms in the valence band, but small contribu-
tions from the Ge- and Se-atoms are also present. From the PDOS of Fig. 5, the significant
contributions in the valence band come from the Cu[3d°] electrons. However, small contri-
butions from the Se[4p4] and Ge[4p2] electrons are also present. Significant contributions
come from the Ba-atoms in the conduction band, but small contributions from the Ge-
and Se-atoms are also present. From the PDOS of Fig. 5, the significant contributions in
the conduction band come from the Ba[5d°] electrons. However, small contributions from
the Se[4p4] and Ge[4p2] electrons are also present. We can observe that near Fermi level
region of valence band contains dense bands due to hybridization of Se[4p4], Ge[4p2],
Cu[3d”] and Ba[54°] sub-energy levels.

The calculated spectra of the TDOS and PDOS for SrCu,GeS, are presented in
Fig. 6. Significant contributions come from the Cu-atoms in the valence band, but
small contributions from the Ge- and S-atoms are also present. From the PDOS of
Fig. 6, the significant contributions in the valence band come from the Cu[3d°] elec-
trons. However, small contributions from the S[3p4] and Ge[4p2] electrons are also
present. Significant contributions come from the Sr- and Ge-atoms in the conduction

@ Springer



First principles quantum analysis of structural, electronic,... Page90of21 849

1.5
@ 1.0 S-s
g —
a
£y M /\

3:3 1 T T ¥ T T
» f=——Ge-s
) 0.6 Ge-p
= Ge-d|
&~ 03

PDOS
w [} -

0.3 1

Sr-s
2 02 ——Sr-p
=3 —
= Sr-d
= 0.1
e T e
0y -4 R ™~ ; = AN .

PDOS

a4
F
5% E 0

=9
SEEE

6 E
o TDOS|
n o
o > 40 1
a e
=& 204
e AN
&
0 T T ¥ T T
-3 -2 -1 1 2 3

0
Energy (eV)

Fig.6 Calculated density of states (DOS) for SrCu,GeS,

band, but small contributions from the S-atoms are also present. From the PDOS of
Fig. 6, the significant contributions in the conduction band come from the Sr[3d'°]
and Ge[4p2] electrons. However, small contributions from the S[3p4] electrons are also
present. We can observe that near Fermi level region of valence band contains dense
bands due to hybridization of S[3p4], Ge[4p2], Cu[3d°] and Sr[34'°] sub-energy levels.

The calculated spectra of the TDOS and PDOS for SrCu,GeSe, are presented in
Fig. 7. Significant contributions come from the Cu-atoms in the valence band, but
small contributions from the Ge- and Se-atoms are also present. From the PDOS of
Fig. 7, the significant contributions in the valence band come from the Cu[3d°] elec-
trons. However, small contributions from the Se[4p4] and Ge[4p2] electrons are also
present. Significant contributions come from the Sr- and Ge-atoms in the conduction
band, but small contributions from the Se-atoms are also present. From the PDOS of
Fig. 7, the significant contributions in the conduction band come from the Sr[3d']
and Ge[4p2] electrons. However, small contributions from the Se[4p4] and electrons
are also present. We can observe that near Fermi level region of valence band contains
dense bands due to hybridization of Se[4p4], Ge[4p2], Cu[3d°] and Sr[3d"] sub-energy
levels.
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Fig.7 Calculated density of states (DOS) for SrCu,GeSe,

3.3 Optical properties

Optical properties play a significant role in regard to characterizing and significantly
understanding the optical response of the present Cu-based chalcogenides. Materials
undergo electronic transitions to unoccupied states in the CB from their occupied states
in the VB when photons with a suitable frequency (E = hv) strike the material. Mean-
ingful information that is related to the optical characteristics of crystalline materials is
provided by these types of transitions (Eibler and Neckel 1980). Figure 8 displays the
optical dispersion results, which illustrate how the dielectric function is impacted by
the interband/intraband transitions. Two categories of interband transitions exist, which
include direct and indirect electronic transitions, and these transitions are more favora-
ble in semiconductor materials. The electronic transitions between sub-energy levels of
valence band and unoccupied sub-energy bands of conduction band are responsible for
various peaks in absorption spectra. When an electron undergoes transition from VBM
to CBM at the same high symmetric point, it is known as a direct electronic transition.
Also, if the high symmetric point is different, it is then called an indirect electronic
transition. The following quantities are generally investigated, which include dielectric
constant £(w), optical loss L(w), refractive index n(w), absorption coefficient /(w), and
reflectivity R(w) in order to comprehend the optical responses and transitions (Abbas
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Fig.8 The calculated a €,(w), b £,(w), ¢ n(w) and d K(w) plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se)

et al. 2022b; Anisimov et al. 1991; Blaha et al. 2001). The dielectric function &(w)
explains the photon-electron interaction and the system’s reaction to electromagnetic
radiation. The dielectric function £(w) is the sum of the real €,(w) and imaginary &,(®)
components (Abubakr et al. 2023). The dielectric function £(w) can be formulated as the
equation that is provided below.

e(w) = g(w) + ig,(w) 4)

The ability of the materials to absorb incident photons can be explained by using the
investigated imaginary part &,(w) of the complex dielectric function. However, optical
reflections can be explained by using the investigated real part €, (). We can express &,(®)
with the equation that is provided below.

2 2
£,(@) = ‘ZTTZ} I &% Z |Cal PLE" Y| o (1 = Fo )8(Ery = Eps = o) 5)

The calculated values of €,(w) are plotted against energy (0—14 eV), which is shown in
Fig. 8a. Various peaks of €,(w) resulted from the electronic transitions between the conduc-
tion band, which is the unoccupied states, and valence band, which is the occupied states.
Peaks for XCu,GeQ, (X=Ba, Sr and Q=S, Se) reach their highest points after a sharp
increase at lower energy. It is evident that these compounds absorb the maximum num-
ber of incident photons in infrared and lower UV regions. Our investigated results show
that BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, have the highest absorption
power at approximately 5.42, 1.19, 5.77 and 0.72 eV, respectively. Their wide absorption
spectrum make them ideal materials for tunable device applications.€, (@) can be calculated
using the following Kramer’s—Kronig transformation and the calculated values of &, (w).
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The calculated values of €, (w) are plotted against energy (0—14 eV), which is shown in
Fig. 8b. Information regarding the dispersion of incident photons can be obtained from the
calculated €, (w). We can note that the maximum dispersion of the incident photons occurs
between 1.0 and 2.0 eV for XCu,GeQ, (X=Ba, Sr and Q=S, Se). We can determine the
static values of £,(0) at zero frequency or a constant electric field for XCu,GeQ, (X=Ba,
Sr and Q=S, Se). The static values of £,(0) are approximately 9.71, 13.87, 9.68 and 17.8
for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe,, respectively. There is a sharp
decrease in the spectra, and the values of £, (@) go beyond zero at around 6.71, 5.93, 6.68
and 5.36 eV for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe,, respectively,
which corresponds to the plasmon frequency.

The dispersion of the incident photons and the light-matter interaction can be explained
by calculating the ratio of the speed of light in a vacuum to the speed of light in a medium,
which is known as the refractive index n(w). The calculated values of ¢,(w) and &,(w) can

be used to calculate n(w).
£,(®) N \/Ef(a)) + sg(w)

2 2

o1—

n(w) = @)

The calculated values of n(w) are plotted against energy (0-14 eV), which are shown in
Fig. 8c. Information regarding the dispersion of the incident photons can also be obtained
from the calculated n(w), which is like €, (w). We can see that the maximum dispersion
of the incident photons occurs between 1.0 and 2.0 eV for XCu,GeQ, (X=Ba, Sr and
Q=S, Se). We can also see the static values of n(0) for XCu,GeQ, (X=Ba, Sr and Q=S,
Se) at zero frequency or a constant electric field. The static values of n(0) for BaCu,GeS,,
BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, is approximately 3.01, 3.75, 3.02 and 4.31,
respectively. There is a sharp decrease in the spectra, and the values of n(w) go beyond
unity at around 8.5, 7.84, 8.63 and 7.09 eV for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and
SrCu,GeSe,, respectively, which corresponds to plasmon frequency. The materials show a
metallic behavior below this value.

Absorption of the incident photons can also be explained by using the extinction coef-
ficient K(w), which is analogous to €,(w). We can express K(w) as

£,(®) \/ef(a)) + eg(a))

Kw)=<%- > + 3 ®)

o=

The calculated values of &,(w) are plotted against energy (0—14 eV), which is shown in
Fig. 8d. Various peaks of K(w) resulted from the electronic transitions between the conduc-
tion band, which is the unoccupied states, and the valence band, which is the occupied states.
The peaks for XCu,GeQ, (X=Ba, Sr and Q=S, Se) reach their highest points after a sharp
increase at lower energy. It is evident that these compounds absorb the maximum number
of incident photons in infrared and lower UV regions. The highest values of K(w) occur at
approximately 7.14, 6.54, 7.2 and 0.99 eV for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and
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SrCu,GeSe,, respectively. It is evident from Our investigated results show that BaCu,GeS,/
SrCu,GeS, have the highest absorption power in the infrared region. However, BaCu,GeSe,/
SrCu,GeSe, has the highest absorption power in the lower UV region.

The reflection coefficient R(w) is the proportion of reflected photons to the incident pho-
tons. We can express R(w) with the equation below.

2

— 2 2
Rw) = Ve() -1 _(-n’+k ©
Ve(w) + 1 (A +n)?+k2

The calculated values of R(w) are plotted against energy (0-14 eV), which is shown in
Fig. 9a. We can see that the maximum dispersion of the incident photons occurs around
13.0 eV for XCu,GeQ, (X=Ba, Sr and Q=S, Se). We can also see the static values of R(0)
for XCu,GeQ, (X=Ba, Sr and Q=S, Se) at zero frequency or a constant electric field. The
static values of R(0) are approximately 0.26, 0.33, 0.28 and 0.39 for BaCu,GeS,, BaCu,GeSe,,
SrCu,GeS, and SrCu,GeSe,, respectively. And the highest reflectivity occur in upper UV
region (~ 13 eV). These materials can be used as reflecting coatings in the upper UV region.

The maximum penetration length of the incident photon in the material before its complete
absorption can be explained by using the absorption coefficient /(w). We can use the expres-
sion below to calculate /(w).

1

() = @{—el(w)+ \/ef(a))+e§(a))}z (10)

—— BaCu2GeSy
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Fig.9 The calculated a R(®), b I(w), ¢ real 6(w) and d L(w) plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se)
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The calculated values of I(w) are plotted against energy (0—14 eV), which is shown in
Fig. 9b. We can see that there are no peaks initially, and the peaks then start to appear
from approximately 073, 0.42, 0.72 and 0.16 ¢V for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS,
and SrCu,GeSe,, respectively, which is known as the threshold value of I(w). The peaks
for XCu,GeQ, (X=Ba, Sr and Q=S, Se) reach their highest points by a showing grad-
ual increase. It is evident that the penetration length of the incident photons increases by
increasing the photon energy. The highest value of absorption coefficient for BaCu,GeS,,
BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, occur at approximately 13.56, 13.59, 13.61 and
6.19 eV, respectively. Our investigated results show that BaCu,GeSe, has the highest val-
ues for the absorption coefficient.

We can use the expression below to calculate o(w).

o(w) = %ez(w) (11)

The calculated values of o(w) are plotted against energy (0-14 eV), which is shown
in Fig. 9c. We can see that there are no peaks initially, and the peaks for BaCu,GeS,,
BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, then start to originate from approximately
0.55, 0.30, 0.56 and 0.18 eV, which is known as the threshold value of ¢(w). The peaks for
XCu,GeQ, (X=Ba, Sr and Q=S, Se) reach their highest points after a sharp increase. It
is evident that these materials show maximum optical conduction around 6.82, 5.01, 5.83
and 4.44 eV for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe,, respectively. Our
investigated results show that XCu,GeQ, (X=Ba, Sr and Q=S, Se) are potential candi-
dates for solar cell applications in the infrared and UV regions.

The loss of rapidly moving electrons by the material can be explained by using the
energy loss function L(w). We can use the expression below to calculate L(w).

Ly = -n(}) = 20 (12)
€ e1(w) + &5(w)

The calculated values of L(w) are plotted against energy (0—14 eV), which is shown in
Fig. 9d. There are notably no peaks initially, and the peaks for BaCu,GeS,, BaCu,GeSe,,
SrCu,GeS, and SrCu,GeSe, then start to originate from approximately 0.76, 0.39, 0.75
and 0.16 eV, respectively, which is known as the threshold value of L(w). The peaks for
XCu,GeQ, (X=Ba, Sr and Q=S, Se) reach their highest points by showing a gradual
increase. The point from where peaks start to fall is the point of plasmon resonance for the
studied compounds. The energy loss function shows the exact opposite behavior to that of
&,(w). The tuning in optical properties comes from the tuning of energy bandgaps of these
materials by replacing Ba with Sr and S with Se because the atomic radius of Ba is larger
than Sr and same is for Se and S. The presence of more electrons in the elements offer
more electronic states (both in valence and conduction bands) that results in the tuning
of energy bandgaps. The optical properties are also affected significantly as they are con-
nected with energy bandgap of the studied materials.

4 Thermoelectric properties
In the recent past, scientists’ interest in thermoelectric (TE) materials has increased sig-

nificantly due to the worldwide energy crisis. The thermoelectric effect is a phenome-
non that describes the direct conversion of temperature gradient into electrical energy.
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In this section, the calculated thermoelectric (TE) properties for XCu,GeQ, (X =Ba, Sr
and Q=S, Se) are discussed to get an insight of their potential for TE device applica-
tions. The thermoelectric characteristics of the chalcogenide materials XCu,GeQ,
(X=Ba, Sr and Q=S, Se) are estimated using the rigid band approximation and the
conventional Boltzmann kinetic transport theory (Abbas et al. 2022a, ¢). To characterize
the TE behavior of aforementioned compounds, the basic TE features like power factor

(PF = 68%), figure of merif 2T = £ ) thermal conductivity(q = kL ) Seebeck coef-

ﬁcient(S = % ), and electrical conductivity must be employed. Assuming the relaxation

time constant, the Boltztrap package (based on semi-classical theory) is used to calcu-
late the temperature-dependent TE parameters. Low thermal conductivity and resistivity
values are essential for good thermoelectric materials, paired with high Seebeck coeffi-
cient (S) values. The calculated TE parameters plotted against temperature (0—1000 K)
are shown in Fig. 10a—e.

Electrical conductivity (o) can be used to evaluate the materials ability to conduct
electricity. The calculated ¢ plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are shown
in Fig. 10a. We can note that there are no peaks initially (i.e., ¢ = 0) and then peaks for
BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, starts to originate from approxi-
mately 600, 300, 600 and 200 K, respectively, known as the threshold value of o. After
threshold temperature, an exponential increase in ¢ plots are evident with increasing
temperatures. The increasing nature of ¢ plots confirm semiconductor behavior of Cu-
based chalcogenide materials XCu,GeQ, (X=Ba, Sr and Q=S, Se). The values of ¢ for
SrCu2GeSe, > BaCu2GeSe, > SrCu2GeS ,~#BaCu2GeS, in the entire temperature range.
The highest values of ¢ for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, are
2.45%10"7,1.43 x 10", 2.47 x 10" and 2.27 x 10'8 (Q.m.s)~!, respectively.

25x10" 14x10" 30x10*
FeBiCutes, / F=BiCaGes,
st [ (b) (c) o= BiCuGiss,
) v 120049 Lo CuGes, o HSeCuGes,
20x10° SrCuGese, SeCuGeSe SrCuGiese,
Lox10*
- I~ 3
PR M Lo’
o S 8.0x10" )
] 2 N
S S >
cox1o® ~ 0
~10x10" S «
b ¥
i
4110 T
s0x0”
20510"
M e
[} P 004 a-p
T T T T ¥ g T T T T T T
0 0 " 0 0 1000 0 m 00 60 800 1000 0 0 00 0 1000
Temperature (K) Temperature (K) Temperature (K)
250" 3
WG, FBacuges,
(@) (©) [uicuce
P GeS, 25 = SrCu,GeS,
20x10 S1Cu,Gese,
° 20
& a0
T 150 |
§ B
N N
"
=100
B 10
-
500"
0s
00 2 u T r 00 = .
0 0 0 60 80 1000 0 0 00 600 300 1000
Temperature (K) Temperature (K)

Fig. 10 The calculated a electrical conductivity (¢), b thermal conductivity (k), ¢ Seebeck coefficient (S),
power factor (PF) and figure of merit (ZT) for Xcu,GeQ, (X=Ba, Sr and Q=S, Se)
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Lattice vibrations and electrons contribute in thermal conductivity (k) of semiconductors.
Fourier law can be employed to formulate thermal conductivity k. The calculated « plots for
XCu,GeQ, (X=Ba, Sr and Q=S, Se) are shown in Fig. 10b. We can note that there are no
peaks initially (i.e., ¥ = 0) and then peaks for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and
SrCu,GeSe, starts to originate from approximately 500, 250, 500 and 150 K, respectively,
known as the threshold value of k. After threshold temperature, an exponential increase in k¥
plots are evident with increasing temperatures. At room temperature, the increasing behavior
of k is because the crystal boundary is smaller than the phonon wavelength. All phonon contri-
butions to x are equal or less than the crystal boundary. There exists an inverse relation
between phonon wavelengths and temperature. Furthermore, the values of o for
SrCu2GeSe, > BaCu2GeSe, > SrCu2GeS ,~ BaCu2GeS, in the entire temperature range. The
highest values of k for BaCu,GeS,, BaCu,GeSe,, SrCu,Ge$S, and SrCu,GeSe, are 5.02 x 10",
1.37 x 10',5.09 x 10 and 1.33 x 10146}"?[““ \

—) respectively.

A potential difference (AV) is established due to migration of electrons from higher
temperature zone towards lower temperature zone as a result of temperature gradient
created by connecting two distinct materials (Fatima et al. 2022). The efficiency of a
thermocouple can be established using a ratio of AV to AT known as Seebeck coeffi-
cient. The calculated S plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are shown in
Fig. 10c. It can be noted from S plots that BaCu,GeS,/SrCu,GeS, are p-type semicon-
ductor materials as their S values are positive whereas BaCu,GeSe,/SrCu,GeSe, are
n-type semiconductor materials. An exponential decrease and increase in the S values
of p-type and n-type materials, respectively, with increasing temperature is a typical
behavior for semiconductor materials. The highest values of S for BaCu,GeS,,
BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, are 2.7 x 107, =4.10 x 107>, 2.5 x 10~* and
5.39% 107 Z

als if their S values are more than 200 <%) XCu,GeQ, (X=Ba, Sr and Q=S, Se)

have S values that are close to the specified standard, making them potentially useful
thermoelectric materials for device applications.

The calculated PF plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are shown in
Fig. 10d. We can note that there are no peaks initially (i.e., PF = 0) and then peaks for
BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, starts to originate from approxi-
mately 300, 150, 300 and 100 K, respectively, known as the threshold value of PF.
After threshold temperature, an exponential increase in PF plots are evident with
increasing temperatures. The highest values of PF for BaCu,GeS,, BaCu,GeSe,,
SrCu,GeS, and SrCu,GeSe, are 1.50 x 10'°, 1.66 x 10'°, 2.28 x 10' and 1.17 x 10'°

—as ) respectively.

Finally, the calculated ZT plots for XCu,GeQ, (X=Ba, Sr and Q=S, Se) are shown in
Fig. 10e. The figure of merit (ZT) plots can be used to determine thermoelectric perfor-
mance of the studied materials. For all compounds, initially ZT" values are high and then
we can gradual/abrupt decrease in ZT values with increasing temperature. The highest val-
ues of ZT for BaCu,GeS,, BaCu,GeSe,, SrCu,GeS, and SrCu,GeSe, are 0.94, 1.85, 1.01
and 2.6, respectively. The ZT value must be equal or greater than 1 for any thermoelectric
material to be used in thermoelectric devices. BaCu,GeS, and SrCu,GeS, are potential
candidates for TE device applications as their ZT values are ~1 in the entire temperature
range. It can be concluded that SrCu,GeS, is the most efficient thermoelectric material for
TE device applications based on the ZT values of XCu,GeQ, (X=Ba, Sr and Q=S, Se).

% , respectively. Materials are deemed to be good thermoelectric materi-
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5 Conclusions

In conclusion, we used GGA + U approximation in order to calculate the optoelectronic
properties of Cu-based chalcogenides for solar cell and thermoelectric device applica-
tions by employing the FP-LAPW technique. It can be concluded that XCu,GeQ, (X=Ba,
Sr and Q=S, Se) are direct and narrow bandgap semiconductors, which is based on the
energy band structures. The values of energy band gaps for BaCu,GeS,, BaCu,GeSe,,
SrCu,GeS, and SrCu,GeSe, are approximately 0.667, 0.378, 0.697 and 0.195 €V, respec-
tively. A blueshift is evident from the spectra of €,(w) in following sequence: SrCu,GeSe,,
BaCu,GeSe,, SrCu,GeS, and BaCu,GeS,. Their calculated refractive index n(w) shows
that these materials are active optical materials, which can be used in photovoltaic devices.
These compounds show significantly less reflectivity on low energies and high reflectivity
of ~13.0 eV. These materials can be used as reflecting coatings in the upper UV region.
The highest values of ZT for BaCu,GeS,, BaCu,GeSe,, StCu,GeS, and SrCu,GeSe, are
0.94, 1.85, 1.01 and 2.6, respectively. But BaCu2GeS4 is the most promising TE candidate
for thermoelectric devices applications in the entire temperature range.
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