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The quest for sustainable and renewable energy sources has become a vital global mission. Transition metal
chalcogenide materials have garnered significant attention due to their unique low-dimensional physical
properties. In this work, we explore the impact of ionic radius in modulating the physical properties of ternary
chalcogenides by calculating structural, electronic, optical, and thermoelectric properties of Sr,ZnX; (X =S, Se,
Te) materials using first-principles density functional theory (DFT) as implemented in the WIEN2k program.
To evaluate the effect of ionic radius, two novel semiconductors Sr,ZnSe; and Sr,ZnTe;, were constructed
using similar isostructural material Sr,ZnS;. Further optimized structure reveals that the corner-sharing ZnX,
tetrahedra extended along the b-axis confirms the quasi-one-dimensional (Q1D) nature of Sr,ZnX,; materials.
Band structure analysis revealed a wide direct bandgap nature with the values of Sr,ZnS; (3.4 eV), Sr,ZnSe;
(2.8 eV) and Sr,ZnTe; (1.75 eV), respectively. The lower effective mass of electrons and holes suggests higher
carrier mobility and charge recombination rates, vital for photovoltaic applications. The optical properties
of the materials are studied in the energy range of 0-10 eV (IR-Vis-UV region). We found that Sr,ZnTeg
material exhibits higher values of dielectric function, absorption coefficient (a ~ 10° cm™!), refractive index,
and lower reflectivity, which indicates its suitability for photovoltaic application. Thermoelectric properties are
crucial for assessing material utility in thermoelectric applications, and the study revealed substantial values
of the Seebeck coefficient, electrical conductivity, figure of merit (ZT) greater than 2, power factor, and lower
electronic thermal conductivity. The studied properties signify Sr,ZnX; materials as potential candidates for
light-emitting semiconductors and thermoelectric applications.

Structural and electronic properties
Spin-orbit coupling
Thermo-electric figure of merit (ZT)
Density functional theory (DFT)

1. Introduction ClL, Br) bond interactions. Their study revealed that chalcogen bonds
are favored over halogen bonds for all the studied binary YOX,:NH;
complexes [8,9].

Sr,ZnS; material is isostructural with K,Agls;, which crystallizes in
the orthorhombic space group D}°—Pnma. V. Petrykin et al. successfully
synthesized Sr,ZnS; a single-phase compound for the first time, and

determined its crystal structure through single crystal X-ray diffraction

Sr,ZnS;, SryZnSe;, and Sr,ZnTe; belong to the general group of
quasi-one-dimensional transition metal chalcogenides with the gen-
eral formula A;MX; (A = Ba, Sr; M = Co, Fe, Mn, Zn; X = S, Se,
Te) [1], which has recently gained significant interest owing to their
applications in optical communication, laser advancements, narrow
wavelength optical devices [2], solar cells [3], as well as in light-

emitting diodes [4], thermoelectric materials and detectors for gamma
and X-rays at room temperature [5,6] etc. Chalcogenides of divalent
first-row transition metals (M = Mn, Fe, Co, Zn) display insulating
properties with short-range antiferromagnetic ordering along chains.
It is noted that this family of structures consists of linear chains of
corner-sharing MX, tetrahedra, with two different A atoms positioned
in between the chains [7]. Mehdi D. Esrafili et al. used ab initio cal-
culations to examine the geometry minimization, interaction energies,
and bonding properties of chalcogen (Y = S, Se) and halogen (X = F,
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data analysis. Additionally, their findings revealed that the phosphor
Sr,ZnS;:Eu activated with Eu(I), exhibited bright golden-yellow light
and which could be elicited by near-UV and blue light across a broad
spectrum of excitation wavelengths [10].

Recently, the light-emitting diode properties of the Ba,ZnS; mate-
rial, which is isostructural to Sr,ZnS;, have been studied [11]. Subse-
quent investigations [12,13] revealed intriguing luminescent properties
in the material. Notably, Ba,ZnS; doped with Mn/Ce/Eu emerged
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as a versatile phosphor, offering a spectrum of colors and finding
applications in the development of white LEDs [14,15]. Further studies
demonstrated the tunable emission of Ba,ZnS;: Ce, Eu in conjunction
with blue LEDs, showcasing its utility in generating diverse white
light sources [16]. Additionally, the red-emitting phosphor Ba,ZnS;:
Eu”*, when co-doped with halide ions, exhibited a remarkable green-
to-red conversion, presenting promising opportunities for solar energy
utilization [17]. It is plausible to anticipate similar luminesce properties
in SryZnS;. Chi-Woo Lee et al. observed that the substitution of Sr
into the Ba site of Ba,ZnS; leads to a significant enhancement of the
fluorescence quantum efficiency accompanied by the blue shift of the
emission peak, resulting in the bright orange-red emission from the
material [18].

Thomas Mathew et al. studied the electronic and optical properties
of Zinc based quasi-1D chalcogenides Ba,ZnX; (X = S, Se, Te), which
exhibit a wide band gap nature and are suitable for optoelectronic
applications [4]. The results also highlight the fact that increasing
the anionic radius enlarges the unit cell volume and decreases the
band gap when transitioning from S to Se, Te. Several results from
the literature show similar observations[3,4,19]. The latter observation
motivates studying the physical properties of Sr,ZnX; materials and
determining their suitability for an application. Currently, there are
no experimental crystal structure reports available for the Sr,ZnSe;
and Sr,ZnTe; materials. In this study, both materials were constructed
by substituting Se and Te for S in the Sr,ZnS; crystal structure. The
structure was then optimized using a GGA-PBE functional, with detailed
criteria provided in Section 3.1. The optimized structure and its volume
expansion are in good agreement with the previous results of similar
isostructural materials [3,4].

In the current research, we have investigated the structural, elec-
tronic, optical, and thermoelectric properties of quasi-one-dimensional
ternary chalcogenides Sr,ZnX; materials using density functional the-
ory with various approximations. While the structural properties of
SryZnS; are known from a few experimental works; the electronic,
optical, and thermoelectric properties remain unexplored via both ex-
perimental and theoretical approaches. Hence, the necessity of theo-
retical predictions to understand their suitability is crucial for desired
applications. We perform structural optimization of novel Sr,ZnSes;
and Sr,ZnTe; using the GGA-PBE functional, aligning with the quasi-
one-dimensional nature of the material shown along the b-axis. Elec-
tronic properties are calculated to predict the bandgap value, na-
ture of the bandgap, and effective mass of electrons and holes. To
ensure the accuracy of the bandgap value the well-known TB-mBJ
exchange—correlation functional is utilized. In addition, the spin—orbit
coupling(SOC) is incorporated and the effect of SOC is known in
accurate bandgap prediction. Optical properties such as the real and
imaginary parts of the dielectric function, refractive index, extinction
coefficient, absorption coefficient, energy loss function, and reflectivity
within the 0-10 eV (IR-Vis-UV) region are studied. Thermoelectric
properties, crucial for assessing material utility in thermoelectric appli-
cations, including Seebeck coefficients, thermal conductivity, electrical
conductivity, power factor, and figure of merit (ZT), are analyzed. In
summary, the outcome of this study reveals the wide direct bandgap of
Sr,ZnS; (3.42 eV), which classifies it as an insulator, Sr,ZnSe; (2.82
eV) and Sr,ZnTes (1.75 eV), acting as semiconductors. The favorable
direct bandgap of 1.75 eV, with the large dielectric constant, high
absorption coefficients reaching 10° cm™! in the visible and UV regions,
low reflectivity, and minimal energy loss, makes Sr,ZnTe; emerge
as a potential candidate for photovoltaic applications. Furthermore,
the wide bandgap of Sr,ZnX; materials with a direct bandgap, lower
effective mass, higher mobility, and significant optical and thermo-
electric properties, indicates the suitability of Sr,ZnX; materials for
light-emitting semiconductors and thermoelectric applications [4,19].
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Table 1
Optimized lattice parameters and cell volume of Sr,ZnX; (X = S, Se, Te).
a(d) b(A) @) V (A
Sr,ZnS, 8.51 4.09 16.50 575.72
8.45 4.06 16.40 564.44%
Sr,ZnSe, 8.89 4.27 17.24 655.59
Sr,ZnTe, 9.52 4.58 18.46 806.01

2 Represents the experimental lattice parameters and cell volume.

2. Computational methods

Ab initio computations employing the FP-LAPW (Full Potential
Linear Augmented Wave) method was implemented in the WIEN2k
code [20,21]. In our investigations, we have carried out self-consistent
calculations to solve the Kohn-Sham equations [22], utilizing the
Generalized Gradient Approximation and the Perdew-Burke-Ernzerhof
(GGA-PBE) [23] as the exchange—correlation functional. The structural
optimization was carried out, ensuring that the Hellmann-Feynman
forces remained below 103 Ry/au and energy convergence criteria
of 10- Ry were met for achieving the equilibrium structure, using
the GGA-PBE functional with Van der Waals corrections. Accurate
calculations were ensured by utilizing a substantial number of precise
plane waves (PWs), and the facilitation of this precision was accom-
plished by setting Ry, X K,,,, = 8. Where, K,,,. corresponds to the
maximum reciprocal lattice vector utilized in the expansion of plane
waves, whereas R,y indicates the minimum radius of the smallest
muffin-tin (MT) sphere. Integration of the Brillouin zone was conducted
with 1000 k-points for Sr,ZnX; materials. To elucidate the electrical
and optical properties, the TB-mBJ [24] method, incorporating spin—
orbit coupling (SOC), was employed, while Van der Waals corrections
were introduced using Grimme’s DFT-D3 method with Becke-Jonson
damping. The BoltzTraP [25] package was utilized to determine the
Boltzmann transport characteristics, such as electrical conductivity,
Seebeck coefficient, and electronic thermal conductivity, employing
the relaxation time approximation (RTA), where charge carriers are
assumed to return to their ground states linearly with a lifetime of
10~14 seconds.

3. Results and discussion
3.1. Structural properties

SryZnX; (X = S, Se, Te) exhibits four structured formula units
in the unit cell as shown in Fig. 1. X-ray diffraction analysis was
conducted by V. Petrykin et al. to examine the crystal structure of
Sr,ZnS;. The results confirmed an orthorhombic structure in the Dég -
Pnma space group [10], with Sr,ZnS; exhibiting isostructural features
similar to K,Agl; [26], Ba,ZnX; (X = S, Se, Te) [27], Ba,MnSe;
and Ba,MnS; [28]. To attain the equilibrium structural properties,
including lattice parameters and cell volume, we utilized the GGA-PBE
exchange—correlation functional for full relaxation. The optimization
process continued until the Hellmann-Feynman forces reached val-
ues smaller than 10~3 Ry/au, and the energy convergence criteria
were achieved at 107 Ry. As the studied materials exhibit a quasi-
one-dimensional nature, Van der Waals corrections were integrated
using the DFT-D3 method with Becke-Jonson damping, proposed by
Grimme [29].

The optimized lattice parameters and cell volume is listed in Ta-
ble 1. The results depicted that lattice parameters and cell volume have
increased from S (1.84) to Se (1.98) and Te (2.22) for Sr,ZnX3, which
may be attributed to an increase in ionic radius (values in brackets
denote the ionic radius of each element). The results are consistent
with earlier observations regarding the influence of ionic radius on
cell volume [3,30,31]. Specifically, we observed a 14% of volume
change when composition changed from S-Se, and 40% from S-Te. The
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Fig. 1. Optimized structure of (a) Sr,ZnS;, (b) SryZnSe;, and (c) Sr,ZnTe; in a unit cell, each containing four formula units. Presented with yellow, pink, and algae green spheres

representing S, Se, and Te atoms, respectively.

Table 2
Zn coordination in SryZnX,: Bond lengths and Bond angles.
Bond Bond length (A)
Sr,ZnS; Sr,ZnSe; Sr,ZnTe,

Zn - X1 2.37 2.47 2.65

Zn - X2 2.42 2.52 2.71

Zn - X3 2.34 2.44 2.62

Zn - Zn 4.09 4.27 4.58
Angles (°) Sr,ZnS; Sr,ZnSe, Sr,ZnTe,
X2 - Zn - X2 115.63 115.82 116.05
X3 - Zn - X2 109.24 109.49 109.76
X3 -Zn-X1 104.08 104.26 104.63
X1 - Zn - X2 109.00 109.28 109.53

optimized structures of Sr,ZnX; are illustrated in Fig. 1. Additionally,
the optimized cell volume versus energy curve, demonstrating the
minimum energy curve for Sr,ZnX; materials, is presented in Supple-
mentary Figure S1. Fig. 2(f) presents a perspective view of the Sr,ZnS;
material, emphasizing the presence of infinite chains of ZnS, tetrahedra
along the b-axis. The chains are separated by two crystallographically
distinct Sr atoms that reside within the unit cell, further highlighting
the quasi-one-dimensional nature of Sr,ZnX5 materials shown along the
b-axis.

The unit cell contains three distinct sulfur atoms, Zn?* coordinated
with one identical S1, S3 anions, and two identical S2 anions to form
a distorted tetrahedron. The bond length of Zn-X varies from 2.34 A to
2.42 A for ZnS,, 2.44 A to 2.52 A for ZnSe,, and 2.62 A to 2.71 A for
ZnTe,, respectively. Deviations from the ideal bond angle of 109.47°
lead to the distortion of the tetrahedral geometry [2]. We observe the
distorted tetrahedron with bond angle ranging from 109° to 115.63° for
ZnS,, and illustrates the deviation from the perfect tetrahedron, which
is as shown in Fig. 2(d). Corner-sharing ZnS, tetrahedra and local
coordination of Zn-S-Zn are shown in Fig. 2(e). The distance between
two identical Zn atoms varies depending on the type of X, with values
of 4.09 A for Sr,ZnS;, 4.27 A for SryZnSe; and 4.58 A for Sr,ZnTe;.
Detailed bond lengths and bond angles of Zn coordination are listed in
Table 2.

The coordination number of the Sr** cation in Sr,ZnX; materials
is 7, with seven S$*~ anions coordinating with the Sr2* cation to form
a capped trigonal prismatic geometry, as shown in Fig. 2(a). The Sr-
S bond distances vary between 2.95 A and 3.26 A, with the longest
bond length of 3.26 A is observed for the capped S2 atom. The detailed

Table 3
Sr coordination in Sr,ZnX;: Bond lengths and Bond angles.
Bond Bond length A)

Sr,ZnS; Sr,ZnSe; SryZnTe,
Srl - X1 3.07 3.21 3.44
Srl - X2 3.09 3.23 3.46
Srl - X3 2.95 3.08 3.30
Srl - X2° 3.26 3.40 3.65
Angles (°) Sr,ZnS, Sr,ZnSe, Sr,ZnTeq
X2 - Srl - X2 82.81 82.97 83.14
X3 - sr1 - X3 87.85 87.94 88.03
X1 - Srl - X2 79.39 79.52 79.76
X1 - Srl - X3 71.69 71.83 71.91
X2* - rl - X3 77.15 77.27 77.43
X2% - Srl1 - X2 74.44 74.57 74.76

2 Represents capped S2 atom positioned at top of the SrS,
geometry.

bond lengths and angles of SrX; (X = S, Se, Te) coordination are
tabulated in Table 3. In Fig. 2(f), two distinct Sr atoms are positioned
between ZnS, chains. Sr1 and Sr2 are coordinated with three identical
S2 and S3 atoms, along with one S1 atom, to form an edge-sharing
capped trigonal prismatic structure. Figs. 2(b) and 2(c) depict the
coordination environment, illustrating edge sharing between capped
trigonal prismatic structures with Sr1-Sr2 and Sr1-Srl.

3.2. Electronic properties

The optimized structures of Sr,ZnX; materials are utilized to com-
pute the band structure by incorporating the GGA-PBE exchange-
correlation functional (XC), revealing their direct bandgap semicon-
ductor nature with a wide bandgap. Spin-orbit coupling (SOC) plays
a significant role in obtaining accurate bandgap values, particularly for
heavier elements [32,33]. In the present study, SOC is incorporated
with the PBE functional, resulting in an increased effect from S to
Te, as the size of the anion increases. The bandgap values appear to
decrease accordingly, as indicated in Table 4. The band structures of
Sr,ZnXs materials were plotted both with and without SOC, as depicted
in supplementary Figure S2, revealing a notable shift in the conduction
band curve towards lower energy levels, with a more pronounced effect
observed in Sr,ZnTe; material due to its larger ionic radius.



Chethan V. and Mahendra M.

Journal of Physics and Chemistry of Solids 194 (2024) 112222

(d)

Fig. 2. Representation of local coordination environment for Sr,ZnS;: (a) Coordination of Sr with seven S anions forming capped trigonal prismatic (SrS,) geometry, (b) Edge sharing
between two distinct Sr1-Sr2 in SrS, geometry, (c) Edge sharing between two identical Sr1-Srl in SrS, geometry, (d) Zn coordinated with four S anions forming distorted tetrahedra,
(e) Corner sharing ZnS, tetrahedra representing Zn-S-Zn coordination, (e) Perspective view representing ZnS, tetrahedra extended along b-axis highlighting the quasi-one-dimensional

nature of Sr,ZnS; materials.

However, several findings in the literature suggest that the PBE
functional often underestimates the band gap value [3,34]. To ad-
dress this limitation, we have utilized the TB-mBJ functional, which
is well-regarded for its accuracy in determining electronic structures in
solid-state systems [21,35]. Since we noticed a pronounced SOC effect
with PBE functional, SOC is also incorporated with TB-mBJ functional.
Figs. 3(a)-3(c) illustrate the calculated electronic band structures of
Sr,ZnX; materials, along with high symmetry points of the reciprocal
lattice [36]. A horizontal straight line indicates the Fermi level, which
represents zero energy. The computed bandgap values using TB-mBJ
functional are 3.42 eV for Sr,ZnS;, 2.82 eV for Sr,ZnSe;, and 1.75
eV for SryZnTes, respectively, indicating the wide bandgap semicon-
ducting nature of the material. As there are no reported experimental
studies on the electronic properties of Sr,ZnX; materials, a direct

comparison with experimental data for the obtained band gap values
is not feasible. However, the findings are in consistent with reports on
similar isostructural ternary chalcogenide materials [4].

The band structure of Sr,ZnX; materials reveals a pronounced
dispersion in both valence and conduction bands, resulting in lower
effective mass and higher carrier mobility. This enhances efficiency
in applications like solar cells, where improved carrier mobility facil-
itates better transport of charge carriers, leading to enhanced device
performance [37]. The effective masses of electrons and holes were de-
termined using a second-order polynomial fit on the E(k) curve within
the k-space for the conduction and valence bands [38]. Table 5 shows
the computed relative effective masses of electrons (m, *) and holes
(my, *) for SryZnX; ternary chalcogenide materials at the I'(gamma)
point. Materials with lower effective mass are of significant interest
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Table 4
Computed bandgap values of Sr,ZnX; (X = S, Se, Te) materials from different
approximation methods.

Materials Bandgap (eV)
GGA-PBE PBE+SOC TB-mBJ mBJ+SOC
Sr,ZnS; 2.409 2.395 3.437 3.425
Sr,ZnSey 1.709 1.619 2.901 2.820
Sr,ZnTe, 1.220 1.020 1.952 1.757
Table 5

The effective mass of electrons and holes for Sr,ZnX,
(X =S, Se, Te) materials relative to the free electron

mass.
Materials m.*/m, m,*/m, my /m.*
Sr,ZnS, 0.14 -0.43 -3.07
Sr,ZnSe, 0.19 -0.25 -1.31
Sr,ZnTe, 0.16 -0.19 -1.18

in research due to their tendency to increase mobility, following the
Bardeen-Shockley theory of deformation potential [39]. The obtained
values (See Table 5) reveal that smaller effective masses of electrons
and holes at the conduction band minima and valence band maxima
lead to increased carrier mobility and diffusion [40,41]. The rates of
charge recombination (expressed as D = m;, */m, *) exhibit substantial
values of 3.07 for Sr,ZnSs;, 1.31 for Sr,ZnSe;, and 1.18 for SryZnTes,
respectively. Furthermore, this feature makes it easier to separate pho-
togenerated charges efficiently, leading to a high absorption coefficient
(around 10° cm™1) in the visible and ultraviolet light regions, making
it desirable for photovoltaic applications [42].

Figs. 4(a)-4(c) illustrates the computed total density of states and
projected orbital density of states of the Sr,ZnX; ternary chalcogenide

materials, utilizing the TB-mBJ functional with SOC to gain a com-
prehensive understanding of their electronic structure. The analysis
of density of states provides insights into the contribution of atomic
orbitals in CBM and VBM, which helps researchers to predict and tune
the band gap of the materials. The density of states analysis clearly
shows that the valence band maxima are mainly dominated by X = S,
Se, and Te chalcogenides, while the conduction band is significantly
influenced by the hybridization of Sr and X atoms. The X-p orbitals
have major contributions in both CBM and VBM, as compared to
other orbital projections. Furthermore, the effect of ionic radius on the
density of states is noticeable in the Figs. 4(a)-4(c). The intensity of
the total density of states decreases in the valence band maxima as
the ionic radius increases from S to Te, and a similar observation has
been noticed in the atomic orbital projection of X to the total density
of states.

3.3. Optical properties

Understanding optical behavior is crucial for describing potential
optoelectronic applications. This involves interpreting how materials
respond to incoming radiation, leading to electronic transitions across
the Fermi level from the filled valence band to available states in the
conduction band. In typical semiconductors, inter-band transitions from
the valence to the conduction band are prevalent, while intra-band
transitions play a significant role in metals [43]. In this study, we
focus on evaluating the optical properties by considering the predom-
inant interband contribution in semiconductors. A crucial component
in evaluating the optical characteristics of materials is the complex di-
electric function &(w), which is defined by Eq. (1) [44]. It describes the
energy-dependent response of a material to electromagnetic radiation.
In addition, the optical properties have been calculated and analyzed
using the real and imaginary components of the complex dielectric
function, and determined the refractive index, extinction coefficient,
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absorption coefficient, energy loss function, and reflectivity across the
photon energy range of 0 to 10 eV.
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The relationship between a material’s electronic structure, interband
transitions, and optical properties is described in Eq. (2). Here, ¢, refers
to the energy eigenvalues associated with the system, u, for the cell
periodic Bloch function, ®, are the weights of the k-points that sum to
1, e, represents unit vectors along the principal directions of the crystal,
q for the wave vector of the incoming radiation, and £ for the primitive
cell volume. It is possible to extract the real component ¢! and the
imaginary component £¢® of the complex parameter ¢ by the Kramers—
Kronig transformation [45]. The imaginary component of the dielectric
functions £ is calculated by considering the summation of transitions
between the occupied (a) and unoccupied (f) states within the Brillouin
zone [46]. Further, taking into account the spin degeneracy of both
conduction and valence band states, the imaginary part of the dielectric
tensor £® is determined by Eq. (2). The real component is obtained by
using the Kramers—Kronig transformation [45], as presented by Eq. (3).
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The dielectric constant, referred to as the relative permittivity, is a
material property that measures its ability to polarize when exposed
to an electric field. A higher dielectric constant means the material
can store more energy per unit volume. This property has important
uses, particularly in capacitors, where dielectric materials enhance
energy storage capacity [47]. In addition, the dielectric constant affects
how electromagnetic waves behave when they propagate through a
material, influencing the waves’ reflection and refraction as well as
other characteristics like wave velocity. The dispersion of incident
photons is characterized by the real component (¢()) of the dielectric
function, which also reveals the refractive behaviors of the material
by demonstrating how its refractive index varies with the frequency
of light. Conversely, the imaginary component (¢) is concerned with
light absorption by the material [48].

Figs. 5(a) and 5(b) depicts the dispersive real part ¢!) and the
absorptive imaginary part ¢€® of the dielectric function for Sr,ZnXg

materials with an incident photon energy range from 0 to 10 eV.
The onset dielectric function, referring to the dielectric constant at
zero frequency, is 4.35 for Sr,ZnS;, 4.98 for Sr,ZnSe;, and 6.28 for
Sr,ZnTes, respectively. The onset dielectric function is a crucial pa-
rameter since it is directly related to the semiconductor bandgap of
the materials, as given by the Penn model [49,50]. Furthermore, as
observed from Fig. 5(a), () increases with the increase in energy and
attains a maximum value of 8.34 at 5.15 eV for Sr,ZnS;, 9.25 at 4.35 eV
for SryZnSe;, and 11.46 at 3.79 eV for Sr,ZnTe; materials, respectively.
Beyond this energy range, a steep decrease has been observed, followed
by a negative state, reaching its minimum value, and then gradually
rising towards zero at higher energy levels. The range of input photon
energies where the real part of the dielectric function £’ < 0 indicates
the forbidden region for electromagnetic wave propagation [46,51].
Notably, in the range of 0-10 eV, Sr,ZnTe; possesses the largest
forbidden region for incident photon energies among these materials,
followed by Sr,ZnSe; and Sr,ZnS;. We observe an increase in the
dielectric function across the infrared, visible, and near-UV regions,
with Sr,ZnTe; displaying a higher dielectric constant compared to the
other materials under study. As discussed earlier, materials with larger
dielectric constants are preferable for optoelectronic applications [48].

The optical characteristics of materials, including the extinction
coefficient, absorption coefficient, energy loss function, and reflectivity,
are predominantly defined by the imaginary component of the com-
plex dielectric function £¢® [3]. The imaginary part of the dielectric
function £ for Sr,ZnX; materials, intricately connected to the process
of photon absorption, is depicted in Fig. 5(b). The threshold point for
the onset of rising ¢® is observed at around 3.48 eV for Sr,ZnSs,
2.81 eV for Sr,ZnSes, and 1.87 eV for SryZnTes, respectively. This
observation is nearly comparable to the bandgap of the materials, and
signifies the direct transition from the valence band maximum to the
conduction band minimum, which is responsible for the rise in the
imaginary part of the dielectric function. A sharp increase in @ is
observed with increased energy, reaching a maximum value of 8.55 at
6.54 eV for Sr,ZnS;, 9.73 at 5.73 eV for Sr,ZnSes, and 12.34 at 4.49 eV
for SryZnTeg, respectively. The largest values of ¢? for Sr,ZnX; exhibit
around the UV (> 3.1 eV) region, implying strong interband transitions
and thus potential for superior optical absorption, making it suitable for
photovoltaic applications. The observed shift of peaks to lower energy
levels from S to Se to Te underscores the impact of ionic radius on the
material’s dielectric function. The significant decrease in £(1-? observed
during the transition from tellurium (Te) to selenium (Se) to sulfur (S)
can be attributed to the: (1) inverse relationship between the optical
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bandgap and the optical dielectric response, and (2) ionic dielectric
response, which is typically lower in compounds with lighter elements
due to their faster vibrations [52,53].

To explore the anisotropic behavior of the dielectric function, the
values of £()(w) and £?(w) along distinct crystal directions as a func-
tion of energy for Sr,ZnX; materials are plotted. The anisotropic plots
are displayed in Supplementary Materials, Figs. 3S(a—f) for Sr,ZnXjs.
Specifically, eilf), 6(y1y,2) and 6(le,2) defines the dielectric function along
XX, yy, and zz direction. Figs. 3S(a—c) depicts the components of the real
part of the dielectric function, and Figs. 3S(d—f) represent the imaginary
part, along different directions for Sr,ZnSs, SryZnSes, and Sr,ZnTes,
respectively. Notably, the onset dielectric constant exhibits a slightly
larger magnitude along the yy direction for all the materials studied,
and the relevant data are presented in Table 6. Figures 3S(a—c) depict
the anisotropy plots of the real part of the dielectric function £ for
Sr,ZnX5. The materials exhibit almost isotropic behavior in the visible
and infrared ranges up to 3.1 eV. With further increasing energy, slight
anisotropy emerges after 3.3 eV for Sr,ZnTe;, 3.8 eV for Sr,ZnSes,
and 4.2 eV for Sr,ZnSs, respectively. The dielectric function further
varies across distinct directions, with &) sharply rising and attaining
the maximum value along the yy direction. Notably, as energy further
increases, a sudden decline in the dielectric function occurs, with
£ reaching negative values, indicating negative dielectric constants,
signifying the forbidden region for electromagnetic waves. A similar
observation is noted regarding the imaginary part of the dielectric
function: the anisotropy is almost negligible up to the threshold energy
limit (equivalent to the bandgap of the material), after which noticeable
anisotropy is observed along different directions for all the studied
materials.

The imaginary component of the complex refractive index, known
as the extinction coefficient (k), represents energy dissipation within
the material. While the real component refractive index (n) charac-
terizes light-bending behavior. Applying the Kramers-Kronig transfor
mation yields the frequency-dependent extinction coefficient k as fol-
lows [54]:

[(gu))z " (g<2>)2] 2 _
=\ . @)

the real component n is described by Eq. (5).

[(5(1))2 " (£<2>)2] R
n= \ 5 5)

The determination of the static refractive index at the zero-frequency
limit, denoted as n(0), is accomplished by utilizing the static dielectric
function £(0) [55] as provided in Eq. (6).

n(0) = Vel (0) (6)

The phase velocity of light within a medium of electromagnetic
waves is determined by the real part of the refractive index (n). Under-
standing the refractive index value is crucial when evaluating materials
suitability for optical instrument applications. The variation of the
refractive index within the range of 0-10 eV is depicted in Fig. 6(a).
The n(0), known as the onset refractive index along distinct directions,
and its isotropic average for Sr,ZnX; material are tabulated in Table 6.
The value of n increases as the energy increases and reaches maximum
values of 2.97 for Sr,ZnSs;, 3.14 for Sr,ZnSes;, and 3.52 for SryZnTes,
respectively, in the UV region. The peaks of n undergo significant
shifts towards lower energies when the anions change from S to Se,
and Te. Notably, the static refractive indices increase from Sr,ZnS; to
Sr,ZnTe,. This trend is also observed in analogous chalcogenide ternary
materials such as Ba,CdX; [3] and Ba,ZnX; [4], with X varying from S
to Te. At higher energies, the value of the refractive index is observed to
be less than one, indicating the forbidden regions for electromagnetic
waves.
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Table 6
Computed Components of the dielectric function, refractive index and reflectivity of
Sry,ZnX,; materials.

Dielectric function £0(0) si_‘;(O) £D(0) eD(0)
Sr,ZnS; 4.34 4.37 4.34 4.35
Sr,ZnSe; 4.97 4.99 4.97 4.98
Sr,ZnTe, 6.27 6.29 6.27 6.28
Refractive index 1, (0) n,,(0) n..(0) n(0)
Sr,ZnS, 2.08 2.09 2.08 2.08
Sr,ZnSe; 2.22 2.23 2.23 2.23
Sr,ZnTey 2.50 2.51 2.50 2.50
Reflectivity R, (0) R,,(0) R..(0) R(0)
Sr,ZnS; 0.12 0.12 0.12 0.12
Sr,ZnSe; 0.14 0.14 0.14 0.14
Sr,ZnTe, 0.18 0.18 0.18 0.18

The imaginary component of the complex refractive index (k), is
associated with a material light absorption, determining its opacity or
transparency. A higher value of k signifies increased light absorption,
thereby reducing the material’s transparency at that specific frequency.
Fig. 6(b) represents the variation of k with incident photon energy.
Up to the optical cutoff region, all the materials studied have nearly
zero k values (transparency region); further increase in energy results
in a gradual rise in k values, reaching maximum values of 1.96 for
Sr,ZnS3, 2.15 for SryZnSes, and 2.4 for Sr,ZnTes, respectively (higher
absorption region). Furthermore, the k value decreases at very high
frequencies due to weak absorption. The extinction coefficient (k), is
associated with the decay or damping of the oscillation amplitude of the
incident electric field. It exhibits behavior analogous to the absorption
coefficient (a), as they are related through the Beer-Lambert law [56].

The determination of optical absorption coefficient («), reflectivity
(R), and energy loss function (L), is derived from the dielectric function
using the following Eqgs. (7), (8), and (9), respectively.

a= 22 %)
C
[n—11%+k?
S Lt e 8
[n+1]% + k2 ®)
@)
L= —¢" )

(eM)2 + (¢@)?

Fig. 7(a) illustrates the spectrum of the absorption coefficient («) for
Sr,ZnX5; materials, explaining how light is absorbed by them. It is vital
to note that the energy band gap Eg has a substantial influence on the
calculated optical characteristics [48]. Absorption occurs at threshold
energies, corresponding to optical bandgaps of 3.63 for Sr,ZnS;, 2.89
for SryZnSe;, and 1.97 for Sr,ZnTe;, respectively, indicating trans-
parency up to these points. The obtained values for optical edges
align well with the computed bandgap values from the band structure.
Notably, all materials studied exhibit maximum absorption at around
10® em™! in the UV region. Additionally, the peaks shift to lower
energy levels from S to Te variation, highlighting the effect of ionic
radius on the optical properties of the material. SryZnTe; material
also demonstrates noticeable absorption of the order of 10° cm~! in
the visible region due to its lower optical bandgap. Further, the high
absorption coefficient of the studied materials, which is on the order of
10° cm™! in the ultraviolet (UV) region, indicates their potential as UV
absorbers suitable for integration into sensitive devices, photovoltaics,
and other optoelectronic applications.

The reflectivity plots of Sr,ZnXs, as shown in Fig. 7(b), define the
surface characteristics of the material. These plots illustrate the propor-
tion of incident light that is reflected by the material across different
regions of the electromagnetic spectrum. For the studied materials, the
reflectivity is observed to be less than 20% in the IR region and 25%
in the visible region, and the maximum value of reflectivity is found in
the UV region, which is less than 0.4 (40%) for Sr,ZnS; and Sr,ZnSe;
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materials and 0.47 (47%) for SroZnTe; material, respectively. Fig. 7(c)
illustrates the variation of the energy loss function (L) with incident
photon energy. It describes the energy lost by electrons per unit length
in a material when an incident electromagnetic beam penetrates it. The
energy loss is observed to be almost nil till the optical band gap regions,
as discussed earlier, which may be due to the transparent behavior of
the materials. Notably, with further increase in energy, energy loss is
likely to be increased, and we found the energy loss to be less than 0.1
in the visible region and less than 0.4 in the studied incident photon
energy range of 0-10 eV.

3.4. Thermoelectric properties

Direct heat-to-electricity conversion is by far the quickest, least
expensive, and most effective method of utilizing excess heat as energy.
Seebeck coefficient (S), electrical conductivity (¢), thermal conductiv-
ity (k), and the figure of merit (ZT) are all valuable metrics for assessing
material’s suitability for thermoelectric applications [57]. Figs. 8(a)
and 8(b) represent the variation of the electronic conductivity and
Seebeck coefficient as a function of chemical potential. The chem-
ical potential(u) for electrons in semiconductor materials indicates
the energy needed to add or remove electrons from the system. The
Fermi level is set to zero in Figs. 8(a) and 8(b), which serves as a
reference point that separates n-type (conduction band region) and p-
type (valence band region) semiconductors. The electrical conductivity
(c/7) measures a material’s ability to conduct electric current. Fig. 8(a)
illustrates the variation of (¢/7) with chemical potential, whereas the
maximum peak is observed in the positive chemical potential region

for all the studied materials. Specifically, the peak intensities were
observed at 14.0 for Sr,ZnS;, 13.4 for Sr,ZnSes, and 10.8 for Sr,ZnTes,
respectively. Furthermore, the maximum peak intensities observed in
the conduction band region (positive chemical potential region) signify
the n-type semiconductor nature of Sr,ZnX, materials. The temperature
dependence of electrical conductivity is depicted in Fig. 8(c). As tem-
perature increases, more charge carriers are thermally excited, resulting
in enhanced electrical conductivity. This intricate relationship depends
on the balance between the carrier concentration and the material’s
mobility. The plot in Fig. 8(c) illustrates the variation of electrical
conductivity with temperature, clearly indicating an ascending trend
for Sr,ZnX3; materials.

Seebeck coefficient measures the voltage generated across a ma-
terial due to a temperature difference. The Seebeck coefficient in
materials is influenced by several factors, including band structure,
electronic density of states, carrier concentration, and mobility. See-
beck coefficient is directly connected to the behavior of charge carriers.
Materials with a high Seebeck coefficient, charge carriers are more
effectively transported in response to temperature differences, leading
to efficient thermoelectric energy conversion [58]. Fig. 8(b) illustrates
the variation of the Seebeck coefficient concerning chemical potential.
Notably, the Seebeck coefficient exhibits a fluctuation, ranging from
1.5 mV/K to —1.5 mV/K within the specified chemical potential range
of —1 eV to +1 eV. This behavior signifies the material’s sensitivity to
changes in chemical potential, indicating potential applications in ther-
moelectric systems. The determination of charge carrier type, whether
p-type or n-type, can be deduced through the temperature-dependent
behavior of the Seebeck coefficient. Fig. 8(d) illustrates the temperature
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Fig. 8. Variation of electrical conductivity (¢/7) and Seebeck coefficient concerning chemical potential and temperature.

variation of the Seebeck coefficient within the range of 100-900K. It
is observed that the Seebeck coefficient consistently exhibits negative
values across the entire temperature spectrum for Sr,ZnX; materials.
This negative polarity implies that the generated voltage’s direction
depends on the temperature gradient, indicative of Sr,ZnX; materials
n-type semiconductor nature.

Thermal conductivity in a material can occur through two modes:
electron thermal conductivity (k,) and phonon thermal conductivity
(k,z). The total thermal conductivity, k, is the sum of k, and k.
However, the current calculations focus solely on electronic thermal
conductivity due to the classical limitations in the BoltzTraP code [59].
The examination of thermal conductivity provides valuable insights.
Fig. 9(a) illustrates the temperature-dependent variation of k,/z. From
Fig. 9(a), it is evident that k,/r is nearly zero at low temperatures
(100K), then gradually escalates with rising temperatures. The current
observation underscores that higher temperatures enhance thermal
conduction through free carriers [60]. Remarkably, all the materials
studied exhibit low thermal conductivity below room temperature,
measuring less than 10! W/mKs. At room temperature, the com-
puted values remain below 0.25 x 10'3 W/mKs for Sr,ZnX5 materials,
making them promising for thermoelectric (TE) applications due to
their low thermal conductivity. However, as temperature increases, we
notice that Sr,ZnS; and Sr,ZnTe; have higher thermal conductivity as
compared to SryZnSe; materials. Fig. 9(a) showcases the variation of
thermal conductivity concerning temperature, emphasizing the impact
of electron conduction on the material’s thermal properties. Further,
the Weidman-Franz ratio (o/k) falls within the range of 10° and
provides evidence for the suitability of the materials in thermoelectric
applications [61]. The persistent high ratio of electrical to thermal con-
ductivity underscores the predominant role of electronic contribution in
thermal conduction, while the impact of lattice vibrations is minimal
at room temperature [62].

The thermoelectric figure of merit (ZT) is crucial for assessing a
material’s thermoelectric performance, representing its efficiency in

converting heat into electricity. It is calculated using ZT = S?6T/Kk,
where o is electrical conductivity, S is the Seebeck coefficient, T is
temperature, and k is thermal conductivity, respectively. A higher ZT
value (greater than 1) indicates better thermoelectric efficiency, requir-
ing a combination of factors that includes: a high Seebeck coefficient
for robust voltage generation, low thermal conductivity to minimize
heat loss, and high electrical conductivity for efficient charge carrier
transfer, and further enhances power production [63]. Fig. 9(b) illus-
trates the variation of the calculated figure of merit with temperature.
From the Fig. 9(b), it is evident that at a low temperature of 100K,
Sr,ZnSe3(1.81) and Sr,ZnTe3(1.74) exhibit higher ZT values as com-
pared to Sr,ZnS;(1.27). This observation aligns with the expectation
due to their lower electrical conductivity and Seebeck coefficient, as
discussed previously. At room temperature, all the materials in our
study demonstrate ZT values greater than 2. Furthermore, they reach
maximum values of 2.26 for Sr,ZnS; at 500K, 2.58 for Sr,ZnSe; at
400K, and 2.72 for Sr,ZnTe; at 600K, respectively. As discussed earlier,
achieving ZT values greater than 1 is a crucial factor for enhanced
thermoelectric performance. This underscores the potential of Sr,ZnXs
materials for high-performance thermoelectric applications, facilitating
the efficient conversion of heat into useful electrical energy. Such
advancements contribute significantly to energy sustainability and heat
recovery across various fields [64].

The Hall coefficient (Ry) is determined by dividing the induced
electric field by the product of carrier density and the strength of
the magnetic field; it is used to analyze a material’s resistance in
Hall geometry. The calculated Ry for the materials under study is
illustrated in Fig. 9(c), showing a sudden decrease until 600K, followed
by a nearly constant variation with temperature. The slight decrease in
Ry at higher temperatures can be attributed to the increased thermal
liberation of charge carriers in the material, leading to an enhancement
in carrier mobility [65].

The power factor (PF) is a crucial parameter for thermoelectric
power generation, which determines the strength of thermoelectric
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Fig. 9. Temperature-dependent thermoelectric characteristics of Sr,ZnX; (X= S, Se, Te): (a) Thermal conductivity, (b) Figure of merit (ZT), (c) Hall coefficient (Ry,), and (d) Power

Factor.

materials and is calculated by using the following equation: S%¢/z. The
temperature-dependent variation of PF is depicted in Fig. 9(d). At room
temperature, the examined materials exhibited power factor value of
4.94 x 10'© W/mK?s for Sr,ZnSs, 1.56 x 10 W/mK?s for Sr,ZnSes,
and 4.53 x 10! W/mK?s for Sr,ZnTe, respectively. Sr,ZnSe; shows
a comparatively lower value due to its lower Seebeck coefficient and
electrical conductivity, as discussed earlier. The power factor shows an
almost linear increase with rising temperature, reaching high values
at higher temperatures for both Sr,ZnS; and Sr,ZnTes, attributing to
the enhanced electrical conductivity as illustrated in Fig. 8(c). For
Sr,ZnSes, it gradually increases with temperature. The studied ther-
moelectric properties confirm that the Sr,ZnX; materials exhibit n-type
semiconductor nature, with considerable power factor and ZT values of
SryZnXs; (X = S, Se, Te), indicating their suitability for thermoelectric
applications.

4. Conclusion

An investigation of Zn-based ternary chalcogenide Sr,ZnX; (X = S,
Se, Te) materials using density functional theory (DFT) revealed their
structural stability and quasi-one-dimensional nature along the b-axis,
consistent with similar isostructural materials. The effect of ionic radius
in modulating physical properties is analyzed by constructing two
novel Sr,ZnSe; and Sr,ZnTe; semiconductor materials. Band structure
analysis is carried out to determine the electronic properties. We found
that Sr,ZnX; materials exhibit wide direct bandgaps, with Sr,ZnS;
(3.4 eV), SryZnSe; (2.8 eV), and Sr,ZnTe; (1.75 eV), respectively. The
lower effective mass of electrons and holes indicates the ability for
higher carrier mobility and charge recombination rates, which is vital
for photovoltaic applications. Optical properties, including dielectric
function, refractive index, absorption, and reflectivity, are comprehen-
sively analyzed across the 0-10 eV energy range (IR-Vis-UV). Sr,ZnTeg
material shows higher dielectric function values, absorption coefficient
(a =~ 10° cm™1), refractive index, and lower reflectivity, which indicates

10

its suitability for photovoltaic applications. Thermoelectric properties
are crucial for assessing material utility in thermoelectric applications.
Sr,ZnX5 materials exhibited n-type semiconductor nature with substan-
tial values of the Seebeck coefficient, electrical conductivity, figure of
merit (ZT) greater than 2, power factor, and lower electronic thermal
conductivity. The direct bandgap, lower effective mass of electrons and
holes, and significant optical and thermoelectric properties of the stud-
ied materials signify Sr,ZnX; as potential candidates for light-emitting
diodes and thermoelectric applications.
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