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ARTICLE INFO ABSTRACT

Keywords: Structural, mechanical, electronic, and optical properties of alkaline metals (Ba, Sr) tin chalcogenide were
Quasi-one-dimensional investigated by the first principles method based on density functional theory (DFT) implemented in the
Mechanical properties WEIN2K program. The study found that both materials exhibit a quasi-one-dimensional nature along the b-

Structural and electronic properties
Optical anisotropy
Density functional theory (DFT)

axis, and the optimized structure agrees with the available experimental data. Mechanical properties revealed
that both materials are mechanically stable, exhibit ductility, and have significant anisotropy. BaSnS; and
SrSnS; exhibit an indirect band gap with the values of 1.55 eV and 1.39 eV, respectively. Which is favorable
for photovoltaic solar cell absorber materials. Like many ternary metal chalcogenides, XSnS; compounds
show significant anisotropy in the optical properties due to their quasi-one-dimensional structure. This work
determined the degree of optical anisotropy of XSnS; in terms of the dielectric function, refractive index,
optical absorption, reflectivity, optical extinction, birefringence, and energy loss function. The results indicate
that BaSnS; and SrSnS; materials possess notable optical anisotropy and a high absorption coefficient (a =~
10° cm™1), low reflectivity and energy loss function within the visible and ultraviolet energy range. It indicates
their potential for use in a range of applications, such as sensors, optoelectronics, and photovoltaic solar cell
absorber materials.

1. Introduction that Sn substitution in methyl ammonium lead halide decreases toxicity
and is suitable for optimum solar cell efficiency [8].

Mixed organic-inorganic halide perovskites represent a notable BaSnS; and SrSnS; materials are ternary chalcogenide materials
breakthrough in photovoltaic (PV) materials. Within a decade, their that crystallize in an orthorhombic Déﬁ- Pnma space group, form-
utilization in PV devices has dramatically improved the power con- ing a needle-like structure isostructural to NH,CdCl;. The quasi-one-
version efficiency (PCE) from 3.8% to an impressive 24.2% [1,2]. dimensional nature of these materials is observed along the b-axis of
However, these materials suffer from instability and toxicity issues due the unit cell, which indicates strong anisotropy of the structural and

to lead (Pb) [3]. To overcome these challenges, exploring alternative
semiconductor compounds that possess the desired characteristics for
PV applications is intriguing, including an optimal band gap within
the range of 0.5 to 2.5 eV, high carrier mobility, and a stable crystal
structure [1]. Metal halide perovskites have indeed received significant
attention from the scientific community [4]. A recent study by S.
Idrissi et al. [5] indicated that CsXCl; (X = Ge, Sn, and Pb) halide
perovskites have good photovoltaic properties due to their desirable
band gaps. Furthermore, Cs-based fluoro-perovskites such as CsMF; (M
= Ge, Sn, and Pb) have demonstrated promising thermoelectric and
optoelectronic properties [6]. The photovoltaic community has been
looking for lead-free perovskites [7] and organic-inorganic materials tal stability, making it suitable for photodetector and opto-electronic
for photovoltaic applications for several years. Recent studies revealed applications.

physical properties of the materials [9,10]. Sujith et al. [11] observed
anisotropy in HfSnS; and ZrSnS; ternary chalcogenide materials. They
found that both materials display substantial birefringence with quite
sizeable optical anisotropy and can potentially be employed as pho-
tovoltaic absorber materials. Yang Lu et al. [12] recently synthesized
HfSnS; and confirmed that it forms a one-dimensional Van der Walls
P-type semiconducting material. This material exhibits giant anisotropy
and substantial photo response in a broadband range from UV to
near-infrared (NIR) with short response times of 0.355 ms, high respon-
sivity of 11.5 AW~1, detectivity of 8.2 x 10! Jones, and environmen-
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XSnS; (X = Ba, Sr) materials are quasi-one-dimensional (Q1D)
chalcogenides with a favorable band gap for solar cell application. The
desirable band gap makes them promising materials for photovoltaic
absorber material [13,14]. It motivates us to study other physical
properties to understand the suitability of these materials for optoelec-
tronic and photonics applications. Earth-abundant Ba, Sr, Sn, and S
atoms in XSnS; materials make it low-cost, non-toxic, and favorable for
manufacturing. A recent study signifies that both materials have good
thermoelectric properties and can be high-performance thermoelectric
materials [15]. S. Yamaoka and B. Okai [16] first synthesized tin
sulfides BaSnS;, SrSnS;, and PbSnS; by an equimolar mixture of AS
(A = Ba, Sr, and Pb) and SnS, using high-pressure apparatus at 500
to 800 °C and 20 kbar, none of them exhibited perovskite structural
transformation. They also suggested that it will not form perovskite
structures below 60 kbar and 900 °C. Later, Bin Okai [17] confirmed
that both BaSnS; and SrSnS; possess isostructural with NH,CdCl; at 60
kbar and 800 °C and could not form perovskite structures.

The present work investigated the structural, mechanical, elec-
tronic, and optical characteristics of the titled materials using DFT
with different approximations and compared the results with previously
available experimental and computational data. While the structural
properties of these materials are known through various experimen-
tal studies, the anisotropic behavior of elastic properties and optical
properties such as the dielectric function, absorption coefficient, re-
fractive index, birefringence, and dichroism of XSnS; materials have
not yet been explored in both experimentally and theoretically, which
makes theoretical predictions necessary. The structural optimization
in this work is done with the GGA-PBE functional, and the opti-
mized lattice parameters agree well with the available experimental
results. Mechanical properties such as Young’s modulus, Poisson’s ratio,
Shear modulus, and so on are explored using the Irelast package as
implemented in the WIEN2K program, and the results demonstrate
that both materials are mechanically stable, ductile, and have signifi-
cant anisotropy. Electronic properties have been studied using TB-mBJ
functional, one of the most reliable methods for predicting electronic
structure calculation. The obtained band gaps are compared with avail-
able reports. We have incorporated spin—orbit coupling, which plays a
significant role in obtaining the electronic band gap of heavy elements
such as Pb, Bi, etc. [18-20], and found that the spin orbit coupling
(SOQ) effect is negligible for both BaSnS; and SrSnS; materials. A
material’s optical anisotropy can be estimated by computing character-
istics like birefringence, dielectric function, etc. According to a recent
study, quasi-one-dimensional barium titanium chalcogenides based on
barium exhibit large optical anisotropy with broadband giant birefrin-
gence over the infrared region [21,22]. Optically anisotropic materials
have potential use in optical communication, laser manufacturing,
polarimetry, and photovoltaics [23].

2. Computational methods

The ab initio computations were carried out using the FP-LAPW (Full
Potential Linear Augmented Wave) method employed in the WIEN2k
code [24,25]. In all our studies, self-consistent calculations were per-
formed to solve the Kohn-Sham equations [26] incorporating the Gen-
eralized Gradient Approximation and Perdew-Burke-Ernzerhof (GGA-
PBE) [27] as the exchange—correlation functional. The structural opti-
mization is carried out using GGA-PBE functional with Van der Waals
corrections. Until the Hellmann-Feynman forces were less than 1073
Ry/a.u. and energy convergence criteria of 10~® Ry to obtain the
equilibrium structure. Many precise plane waves (PWs) have been used
to ensure accurate calculations. It is achieved by setting Rj;; X Kpux
= 7. Here, K,,,, denotes the largest reciprocal lattice vector employed
in the expansion of plane waves, while R, represents the minimum
radius of the smallest muffin-tin (MT) sphere. The Brillouin zone was
integrated at 1000 k-points for both the material with 9 x 20 x 5 for
BaSnS; and 9 x 19 x 5 for SrSnS;, respectively. TB-mBJ [28] method
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Table 1
Lattice parameters, atomic coordinates and Wyckoff positions of XSnS; structures.
Lattice constants given in brackets are experimental data.

BaSnS; SrSnS;
a=866A 8.61 A [16] a=836A 8.31 A [16]
Lattice constants b = 3.98 A 3.96 A [16] b=3914 3.89 A [16]
c=1479A 1469 A[16] c¢=1430A  14.20 A [16]

V = 511.08 A3 501.06 A3 [16] V = 468.55 A> 459.36 A3 [16]

Atomic coordinates and Wyckoff positions (WP)

Atom X y Z WP X y z WP
X 0.076 0.75 0.826 4c 0.078 0.75 0.823 4c
Sn 0.167 0.25 0.556 4c 0.172 0.25 0.558 4c
S1 0.027 0.25 0.400 4c 0.027 0.25 0.394 4c
S2 0.163 0.25 0.997 4c 0.150 0.25 0.995 4c
S3 0.212 0.75 0.207 4c 0.201 0.75 0.215 4c
Table 2
Sn coordination in XSnS;: bond length and bond angles.

Bond Bond length @A)

BaSnS; SrSnS;
Sn-S1 2.689 2.660
Sn-S2 2.624 2.614
Sn-S1® 2.609 2.635
Sn-S3 2.470 2.484
Angles (°) BaSnS; SrSnS;
$2-Sn-S1 82.374 83.666
S$2-Sn-S3 93.695 94.036
S1-Sn-S2 88.065 87.442
$2-Sn-S2 98.853 97.096
S1-Sn-S1 95.662 94.870

® Represents the S1 atom positioned at the bottom of the octahedron.

is used to elucidate the electrical and optical properties of the material
incorporating spin orbit coupling (SOC), and Grimme’s DFT-D3 method
by Becke-Jonson damping was used to introduce Van der Waals correc-
tions. The elastic constants that determine the mechanical properties of
the materials are computed using the IRelast [29] package.

3. Results and discussion
3.1. Structural properties

The crystal structures of the XSnS; (X = Ba, Sr) class of mate-
rials were investigated using X-ray diffraction data, confirming their
orthorhombic D;S—ana space group [16]. The materials XSnS; are
isostructural with PbZrS; [30], SnHfS;, PbHfS; [31], NH,CdCl; [32,33]
and MSnS; (M = Zr, Hf) [11]. In this work, structural optimization of
XSnS; compounds has been carried out using the GGA-PBE method.
Since the compounds are known to possess a quasi-one-dimensional
structure, we incorporated Van der Waals corrections during the struc-
tural optimization using Grimme’s DFT-D3 method with Becke-Jonson
damping functions. The optimized lattice parameters, atomic coordi-
nates, and Wyckoff positions are listed in Table 1. Both XSnS; materials
form four formula units in their unit cells, as shown in Fig. 1. The coor-
dination of both materials appears to be similar, as they both crystallize
in the orthorhombic space group Déﬁ—pnma. The findings of structural
calculations agree well with the existing experimental data [16]. Upon
observation, it is apparent that the lattice constants and cell volume of
BaSnS; are larger than those of SrSnS;. This difference can be attributed
to the larger size of the Ba>* ion [34].

Figs. 2(d) and 2(e) depicts quasi-one-dimensional chains of edge-
sharing SnS¢ octahedra, which extend parallel to the b-axis in the
perspective view of BaSnS; and SrSnS; unit cell, respectively. The gap
between these chains is occupied by a pair of Ba>*/Sr?* cations coor-
dinated with eight $>~ anions. This coordination results in a bicapped



Chethan V. et al.

O 4 /4

(a)

Materials Today Communications 37 (2023) 107501

(b)

Fig. 1. Crystal structure of (a) BaSnS; and (b) SrSnS; in a unit cell, each containing four formula units. Presented with Ba-green, Sr-orange, Sn-gray, and S-yellow spheres
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

X-S (X = Ba, Sr) coordination in XSnS;: bond length and bond angles.
Bond Bond length A)

BaSnS; SrSnS;

X-S3 3.134 3.204
X-S30 3.240 3.099
X-S2 3.220 3.100
X-S1(a) 3.334 3.218
X-S2(cap) 3.467 3.243
Angles (°) BaSnS; SrSnS;
S3-X-S3 73.963 75.392
$3(M-X-83¢ 75.914 78.409
S2-X-S2 76.460 78.389
S1-X-S3 62.771 59.633
S1-X-S3" 68.866 72.359

(2 Represents the anion capping the bicapped trigonal pyramidal structure.
® Represents the S3 atoms located on the rear side of the rectangular plane.

trigonal prismatic geometry with a rectangular face capped by two S*~
ions, as shown in Fig. 2(a).

A distorted octahedron (SnSy) forms when a Sn is coordinated with
six S atoms, as shown in Fig. 2(b). These SnS4 octahedra share their
edges, resulting in an infinite chain of units along the b-axis and
a quasi-one-dimensional structure. The octahedra mainly coordinated
with three inequivalent $*~ anions, namely, S1, S2, and S3, with their
bond lengths and angles as shown in Fig. 2(b). The detailed bond
lengths and angles of the distorted SnSy octahedra are listed in Table 2.
For instance, Sn-S1 and Sn-S3 form two bonds, each with identical bond
lengths on opposite sides of the octahedra with bond lengths of 2.689 A,
2.624 A for BaSnS; and 2.660 A, 2.614 A for SrSnS;, respectively.
Moreover, the upper and lower halves of the octahedra are bonded
to two distinct S~ anions, S3 and S1. 2(c) illustrates edge-sharing
octahedra with Sn-Sn bond lengths of 3.893 A and 3.867 A for BaSnS;
and SrSnS;, respectively.

Each X (Ba, Sr) atom is surrounded by eight sulfur atoms, forming a
bicapped trigonal pyramidal structure. Fig. 2(a) shows BaSg geometry.

The optimized value of bond length for Ba-S is 3.60 A, and for Sr-S, it
is slightly shorter at 3.452 A. It may be due to the larger ionic radius
of the Ba?* ion when compared to the Sr** ion. The coordination ar-
rangement varies depending on the X-S bond length. If the bond length
slightly decreases from the optimized value, the coordination changes
to XS,, which exhibits a monocapped trigonal prismatic geometry.
This occurs when the X-S bond length is less than 3.47 A for BaSnS,
and 3.243 A for SrSnS;. On the other hand, a slight increase in the
bond length results in the XSy coordination, representing a tricapped
trigonal prismatic geometry for both materials. Fig. 2(a) depicts the
bicapped trigonal pyramidal structure of BaSg, formed by the eight
nearest Sulfur atoms. These atoms arrange themselves on a rectangular
plane comprising two distinct S3 and S2 atoms, shown with length
of 3.986 A for $2-S2 and 4.420 A for S2-S3, respectively. On the top
side of the rectangular plane are coordinated with four equivalent S3
atoms. While on the bottom side is coordinated with two equivalent
S2 atoms with a bond length of 3.134 A. The two capped structure are
coordinated by S1 and S2 on top and rear side of the rectangular plane.
A similar type of coordination environment is observed for the SrSg
structure, and detailed information concerned with the bond lengths
and angles of the XSg coordination is given in Table 3. Notably, both
capped atoms, Ba-S2 and Ba-S1, have extensive bond lengths of 3.467 A
and 3.334 A, respectively.

3.2. Mechanical properties

The elastic characteristics of the materials can be used to predict the
crystal’s response to applied forces. Furthermore, these qualities aid in
understanding the mechanical behavior of the compound. As a result,
we used the elastic constants C;; to calculate the materials’s elastic
characteristics and mechanical behavior. For an orthorhombic crystal,
the elastic constants are reduced to nine different components [35], as
listed in Table 4. The mechanical stability of a material is an impor-
tant parameter to consider when evaluating its mechanical behavior.
To assess mechanical stability, we utilize the Born stability criteria
from Eq. (1). The conditions presented in the below equation are not
all linear, instead they are polynomial functions of the elastic constants;
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(d)

(e)

Fig. 2. Representation of local coordination environment for BaSnS;: (a) Coordination of Ba with S anions forming bicapped trigonal prismatic (BaSy) geometry, (b) Sn atoms
with S anions form edge sharing SnSg octahedron, (c) the edge-sharing octahedra. Quasi-one-dimensional perspective view of bulk (d) BaSnS; and (e) SrSnS; materials.

because the largest non-diagonal block in the stiffness matrix has size
3 x 3 and all coefficients are independent for an orthorhombic crystal
system [36]. Based on these criteria, both the materials are found to be
mechanically stable.

Cy >0, C;;Cy>Ch,
C11CxCs3 +2C1C13C3 = €1 Cy = CppCly = C33CF, > 0 1
Cyy >0, Cs55>0, Cge>0

The elastic constants C;;, Cyy and Cs3 determine the linear compressive
strength along the a, b and ¢ directions [37], respectively. Table 4
shows that the Cs3 value of the BaSnS; and SrSnS; compounds is larger
than the C;; and C,, values respectively. As a result, the compounds
can be squeezed more along the a and b axes than the c-axis. The elastic
constants Cyy, Cs5 and Cgg play a crucial role in indirectly influencing
a material’s hardness. They specifically indicate the materials ability
to resist shear deformations along the (1 0 0), (0 1 0) and (0 O
1) planes [38], respectively. Notably, both materials have larger Css
values implying that the (0 1 0) plane is more resistant to shear
deformation than the (1 0 0) and (0 0 1) planes.

In the elastic region, a solid’s properties can be described using four
measures: bulk modulus (B), shear modulus (G), Poisson’s ratio (v), and
Young’s modulus (E). A material’s bulk modulus and shear modulus can

be estimated using either the Voigt theory or the Reuss theory. These
theories provide upper and lower bounds respectively for the moduli.
To obtain a more accurate estimate, the Hill averaging scheme [39]
is used to calculate the average of the moduli. The following relations
Egs. (2)-(4) are used to compute the bulk and shear moduli, where By,
By, By and Gy, Gy, Gy represent the bulk and shear moduli obtained
from Voigt, Reuss and Hill approximations, respectively.

-1
"9

1
Gv=15 [(Ciy +Cy +C33) = (Cpa + Cp3 +Cyy) +3 (Cyy + Css5 + Ces)|

By, [(Cll +Cy +Cy3) +2(C12+C23+C31)] 2

B =[(Si1+S2+S53) +2(Si2+ S +831)] ®
Gr=15[4(S1) + Sy +8S33) = (S12+ 523 +S3)
+3 (S44 + SSS + 566)]_1

By +B

BH=¥ 4
Gy + Gy

LA

The Poisson’s ratio (v), Young’s modulus (E) and the Vickers hard-
ness (Hy ) can be obtained from the bulk and shear moduli by using the
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Table 4
The computed stiffness elastic constants for an orthorhombic XSnS; crystal system.
Material Cyy Cy Cy3 Cuy Css Ces Cip Cis &
BaSnS, 90.145 97.787 109.057 31.774 39.366 31.877 37.177 44.201 35.799
SrSnS, 97.256 113.042 119.797 35.971 42.395 36.583 43.866 46.124 34.797

Table 5
Calculated bulk, shear, Poisson’s ratio, Young’s modulus in GPa and Vickers hardness for BaSnS; and SrSnS; materials.
Material By By By Gy Gy Gy By /Gy v E Hy By/Ca
BaSnS; 59.038 58.659 58.849 32.591 31.986 32.288 1.823 0.268 81.891 4.991 1.852
SrSnS; 64.408 64.246 64.327 36.677 35.839 36.258 1.774 0.263 91.562 5.734 1.788
following relations: (5)—(7). Table 6
Computed anisotropic indices for XSnS; materials.
3By —2Gy £
V= ﬁ 5) Material AY A A, A, A,
By +
(3B +Gy) BaSnS, 0.100 1.147 1.164 1.122 1.199
po_2BuGn ©) Stsns; 0.120 1.152 1.038 1.193 1.347
(3By +Gy)
(1-2v)Eg

Hv—m ()

We can measure the compressibility and deformation resistance to
external stress by assessing the bulk and shear moduli. The computed
bulk and shear moduli are tabulated in Table 5, and have significant
magnitudes. As we can observe, SrSnS; exhibits large bulk and shear
moduli, indicating its ability to withstand linear compressibility and
more excellent resistance to deformation under shear stress compared
to BaSnS;. This result is expected, as the bulk modulus is inversely
proportional to the cell volume [38]. The computed results are in
good agreement with the theory, as SrSnS; has a smaller cell volume
than BaSnS;. Young’s modulus (E) describes tensile elasticity. It is a
measure of the stiffness of an elastic material and is a quantity used to
characterize materials [40]. The calculated E values for BaSnS; (81.891
GPa) and SrSnS; (91.562 GPa) both indicate noticeable stiffness that
is higher than that of Sb,S; and Sb,Se; [41], which are found to
be photovoltaic materials [42,43]. Vickers hardness values serve as a
measure of a material’s resistance to indentation. BaSnS; has a Vickers
hardness of 4.991, whereas SrSnS; exhibits a slightly higher hardness
of 5.734, demonstrating that SrSnS; has comparatively higher hardness
than BaSnS;.

The determination of whether a material is brittle or ductile is sig-
nificant in a wide range of scientific and material science applications.
It is also critical when manufacturing materials with precise mechanical
properties. So we employed the Paugh criteria and Poisson’s ratio
theories to assess whether the material was brittle or ductile. The
Pugh criteria [44] involve calculating the ratio of the bulk modulus
to the shear modulus of a material (£). The material is considered
ductile if this ratio is greater than 1.75, indicating it can bend and
deform without breaking easily. If the ratio is less than 1.75, the
material is considered as brittle indicating it is more likely to break
or fracture under stress. In our computed results in Table 5, it is clear
that both BaSnS; and SrSnS; have ratios greater than 1.75 and show
ductile nature. The well-known parameter called Poisson’s ratio (v)
also determines whether the material is brittle or ductile. According
to Poisson’s ratio, a material is considered ductile if its Poisson’s ratio
is greater than 0.26, while a ratio less than 0.26 suggests a brittle
material. In our computed results, Poisson’s ratio for BaSnS; (0.268)
and SrSnS; (0.263) indicates that both materials are ductile. So both
theories are consistent and predict a ductile nature for both BaSnS; and
SrSnS;. The material’s ductility can withstand external stress and be
used as a photovoltaic absorber material [45]. Poisson’s ratio (v) also
describes how the size of a solid varies when forces act perpendicular
to its loading direction. In various materials, the thermodynamic limit
for the isotropic form of Poisson’s ratio is between —1.0 and 0.5. This
corresponds to about 0.2 for covalent materials, 0.3 to 0.4 for ionic
materials, and 0.5 for pure-ionics [46]. The values for BaSnS;(0.268)
and SrSnS; (0.263) indicate that covalent bonding is prominent in both
materials.

3.2.1. Anisotropy

The degree of elastic anisotropy in a material is measured by
the Universal anisotropic factor (AY), Shear anisotropic factors (A,
A,, A3) and Zener anisotropic factor (A4,). They are determined from
Egs. (8)-(10), respectively. When these factors equal 1, the material
is considered perfectly isotropic, while any deviation from this value
signifies the degree of elastic anisotropy in the material. The estimated
anisotropic factors are presented in Table 6. The computed anisotropy
values show that both BaSnS; and SrSnS; are elastically anisotropic
along three shear planes (0 0 1), (0 1 0) and (1 0 0) which depicts
both materials have considerable anisotropy.

G B
AV=52Y 4 YV _6>0 ®)
Gr  Bp
4Cyy 4Cs;s 4Cgg
Al = ;AZ = (A =
Ci1+Cy —2C5 Cyp + C33 —2Cy; Ci+Cyp—2C,
©)
- _Cu 10
C—Cxp

The ELATE [47] tool was used to create 3D contour plots as well
as 2D graphs to visualize crystal elastic anisotropy. These graphical
representations illustrate the different moduli, such as Young’s modulus
(E), shear modulus (G) and Poisson’s ratio (v), enabling a detailed
analysis of anisotropy in the crystal structure. The 3D plots can be
used to determine the level of anisotropy in solids. A spherical form
represents a perfectly isotropic material, and any variation from this
sphere reflects the degree of anisotropy present. Figs. 3(a) and 3(d)
show the elastic anisotropy of Young’s modulus (E) for BaSnS; and
SrSnS;, respectively. These figures exhibit appreciable deviations from
a spherical shape, indicating that both the materials exhibit some
degree of anisotropy in the Young’s modulus. The degree of anisotropy
is computed using the E, . /E,,, ratio, resulting in values of 1.439 for
BaSnS; and 1.484 for SrSnS;, respectively [48]. We know that atomic
arrangements indirectly influence the elastic constants. Materials with
stronger atomic bonds tend to exhibit higher elasticity [49]. In our
studied materials, distorted octahedra indicate a significant degree
of elastic anisotropy taken along different directions. Essentially, the
SnS¢ octahedra run along the b-axis (i.e., xz plane), and we have
observed a significant anisotropy along the chain direction (xz), as
compared to the yz and xy planes, which is further confirmed by the
2D representation presented in supplementary information. Similarly,
the anisotropic behavior of the shear modulus and Poisson’s ratio is
depicted in Figs. 3(b), 3(e) and 3(c) and 3(f) respectively. These figures
clearly show that both BaSnS; and SrSnS; materials have deviation in
spherical form indicates the presence of significant elastic anisotropy.
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Fig. 3. 3D anisotropic contours representation for BaSnS; and SrSnS;: (a) and (d) Young’s modulus, (b) and (e) Shear modulus, (c) and (f) Poisson’s ratio, respectively.

The 2D visual representations are presented in supplementary infor-
mation as Figure S1 and Figure S2 (refer supplementary information)
to gain a more comprehensive understanding of directional variations.
These illustrations depict the anisotropic behavior of Young’s modulus,
shear modulus and Poisson’s ratio of BaSnS; and SrSnS; respectively,
across the xy, xz, and yz planes. Several observations were made
after analyzing these plots. Firstly, Figures S1-a and S2-a show that
Young’s modulus is more anisotropic in the xz plane compared to the
xy and yz planes. It implies a higher degree of anisotropy along the
materials b-axis (along chain direction). Similarly, we can notice in
Figures S1-b, S1-c and Figures S2-b, S2-c that both shear and Pois-
son’s ratios have anisotropy along three directions. We observe that
large anisotropy is significant along the xz plane for both BaSnS; and
SrSnS;. This result highlights the fact that both the materials possess a
quasi-one-dimensional nature along the b-axis.

3.3. Electronic properties

The electronic band structures of BaSnS; and SrSnS; materials have
been determined using the optimized lattice parameters. Initially, the
GGA-PBE exchange—correlation functional was employed. The results
indicate that both materials possess an indirect band gap, with a
value of 0.89 for BaSnS; and 0.76 for SrSnSs;, respectively. However,
several studies suggest that the PBE functional underestimates band gap
values [9,22]. To overcome this constraint, we employed the TB-mBJ
functional, well-known for providing more precise electronic structure
solutions for crystalline systems in solids [50]. To ensure the precision
of our computations, we utilized a denser K mesh, consisting of 1000
k-points.

The computed electronic band structures of BaSnS; and SrSnS;
are shown in Figs. 4(a) and 4(b), respectively. These plots illustrate
the band structures at the high-symmetry points of the reciprocal
lattice (I"-X-S-Y-I'-Z-R-T-U-Z) [51]. The Fermi level Ej, representing
zero energy, is indicated by a horizontal straight line. Both BaSnS;
and SrSnS; materials exhibit moderate bandgap semiconductor char-
acteristics, with measured bandgap values of 1.55 eV and 1.39 eV,

Table 7
Bandgap of XSnS; (X = Ba, Sr) compounds for different methods.
Material Method Bandgap (eV) Reference
PBE 0.89 Present work
BaSnS; TB-mBJ 1.55 Present work
TB-mBJ+SOC 1.55 Present work
HSEO06 1.62 [15]
PBE 0.76 Present work
SrSnS; TB-mBJ 1.39 Present work
TB-mBJ+SOC 1.39 Present work
HSE06 1.40 [15]

respectively. Both possess an indirect band gap nature (Figs. 4(a) and
4(b)). In the case of BaSnSs, the valence band maximum (VBM) is
located between the Y-I" point at coordinates (0.50, 0.00, 0.00), while
the conduction band minimum (CBM) is situated between the X-S point
at coordinates (0.00, 0.22, 0.00). Similarly, for SrSnS;, the VBM and
CBM are located at coordinates (0.50, 0.00, 0.00) and (0.00, 0.20,
0.00), respectively. The computed band structure values using the TB-
mBJ functional are in good agreement with the values reported in
previous studies, as listed in Table 7. We have introduced spin-orbit
coupling (SOC) in our study to examine its influence on the electronic
band gap of the material. Our findings indicate that SOC has a minimal
effect on the electronic band gap value, resulting in changes of only
a few meV. This result is consistent with previously reported ternary
chalcogenide materials [13,52].

We compute the electronic total density of states (TDoS) and pro-
jected orbital density of states (PDoS) of the XSnS; chalcogenides using
the TB-mBJ exchange—correlation functional incorporating SOC to gain
profound insights into their electronic structure. Figs. 5(a) and 5(b)
illustrate the TDoS and orbital density of states for BaSnS; and SrSnS;,
respectively. Fig. 5 illustrates that S atoms dominate the valence band
maximum, while Sn and S atoms majorly contribute to the conduction
band minimum. The contribution of Ba and Sr atoms is minor in both
the conduction and valence bands. The orbital projections into the total
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Fig. 5. Total density of states (TDoS) and the projected orbital density of states of (a) BsSnS; and (b) SrSnS;.

density of states provide deeper insights into atomic orbital hybridiza-
tion. Notably, the S-p orbital and Sn-s orbital hybridization is observed
at the conduction band edge. In contrast, the valence band maximum
is predominantly influenced by S-p orbital compared to other orbital
contributions. A previous report also noted this hybridization between
the S-p orbital and Sn-s orbital [15]. Understanding the density of states
will aid in tuning the material’s band gap.

3.4. Optical properties

Optical transitions involve two distinct mechanism: interband and
intraband transitions. Intraband transitions are typically observed in
metals or semiconductors that have been heavily doped [53]. Our
present work focuses on interband transitions. These transitions occur
when electrons within intrinsic semiconductors are energized by pho-
tons moving between different electronic bands. The complex dielectric
function e(w), a key characteristic in the study of materials optical
characteristics [54], is given by Eq. (11). It defines how a material re-
sponds to electromagnetic radiation as a function of energy. This study
calculates the optical properties by evaluating the complex dielectric
function (both real and imaginary parts), refractive index, extinction
coefficient, absorption coefficient, birefringence and reflectivity in the
photon energy range of 0-10 eV.

e(@) = eV(w) +i e®(w) an

Eq. (12) illustrates a direct correlation between a material’s electronic
structure, interband transitions and optical properties. Here u, repre-
sents the cell periodic Bloch function, ¢ is the incoming radiation wave
vector, the parameter Q corresponds to the volume of the primitive
cell, ¢, refers to the energy eigenvalues associated with the system, e,
stands for unit vectors along the principal crystal directions and w, are

the k-point weights that sum up to 1. By employing the Kramers—Kronig
transformation [55], we can derive both the real component () and the
imaginary component ¢® of the complex parameter e. The interband
contribution to the imaginary part of the dielectric functions e® is
calculated by summing transitions from occupied (a) to unoccupied (8)
states over the Brillouin zone [53]. Considering the spin degeneracy of
both the conduction and valence band states, the imaginary part of the
dielectric tensor ¢ is determined using Eq. (12).

2,2
2 _ 4rces . 1 p
e, = —— lim — E 2w, 6(€, | — €,k — @) XU, u u, u
a.p Q 4=0 qz = k ( ck vk ) < L,k+eaq| v,k)( c,k+eﬁq| v,k>

(12)

The real component eV is derived from ¢? using the Kramers—
Kronig transformation [55], as given by Eq. (13).

@) (1

o e (o)
€<1>:1+%p/ S ACRS— (13)
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The dispersive real part of the dielectric function ¢’(w) and the
absorptive imaginary part ¢®(w) are plotted in Figs. 6(a) and 6(d) for
the BaSnS; and SrSnS; materials across incident photon energy ranging
from 0 to 10 eV. As we observe from Fig. 6(a), the onset value of eé”(a))
obtained as 6.22 for BaSnS; and 6.59 for SrSnSs;, which is comparable
to those previously reported values for chalcogenide materials utilized
in photovoltaic and optoelectronic applications [11,56]. We observe a
corresponding rise in the dielectric response as the frequency increases.
Notably, these materials demonstrate significantly elevated values of
¢V (w) within the incident photon energy range of up to 5.4 eV, reach-
ing a maximum of 8.84 for BaSnS; and 8.90 for SrSnS;, respectively.
As the energy increases, we can observe a sudden decrease in ¢((w)
reaching zero at 6.46 eV for BaSnS; and 6.65 eV for SrSnS;. The
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Fig. 6. Dielectric function response plot of XSnS, materials: (a) real part ¢V, (d) imaginary part ¢® variation with energy. Principal components of dielectric function showing
the (b) real part ¢V, (e) imaginary part ¢® for BaSnS; and (c) ¢V, (f) ¢® for SrSnS3, respectively.

negative regions observed after these points are considered to be forbid-
den regions for electromagnetic wave transmittance [22]. The ¢ (w)
component represents the absorptive characteristics corresponding to
the material’s photon energy. As depicted in Fig. 6(d), it is evident that
significant ¢®(w) occurs in the visible to ultraviolet region, ranging
from 1.6 to 6.0 eV for BaSnS; and from 1.42 to 6.0 eV for SrSnS;. The
peak values of 10.85 at 6.05 eV and 10.84 at 6.05 eV are observed for
BaSnS; and SrSnS;, respectively. The imaginary part is directly related
to the optical bandgap of the materials. Here, we obtain an optical
bandgap value of 1.61 eV for BaSnS; and 1.42 eV for SrSnS; which
is almost similar to the electronic bandgap obtained (See Table 7).

The anisotropic character of the dielectric function is investigated
by plotting the values of ¢V(w) and ¢®(w) along distinct crystal di-
rections for both materials, namely. (., e;'y'z) and €!1?. Figs. 6(b)
and 6(c) illustrate the components of the real part dielectric function
along different directions for BaSnS; and SrSnSs;, respectively. The
onset dielectric constant is larger along the yy direction for both the
materials and the data are summarized in Table 8. The anisotropy
increases as the energy increases, and the most significant anisotropy
occurs for both materials in the incident energy range of 0-5.6 eV. Two
peaks are observed: the first in the visible spectrum (2.6-2.8 eV), with
the highest values along the yy direction (9.20 for BaSnS; and 9.85 for
SrSnS;) and the lowest along the zz direction (8.04 for BaSnS; and 8.40
for SrSnS;). The second peak appears around 5 eV in the ultraviolet
region, reaching a maximum value of 9.85 for BaSnS; (yy direction)
and 9.92 for SrSnS; (zz direction). Figs. 6(e) and 6(f) depicts the
principal components of the imaginary part of the dielectric function.
The anisotropy is negligible in the IR region for both the materials;
it increases as incident photon energy increases and shows prominent
anisotropy in visible and UV region from 1.42-6.0 eV for BaSnS; and
1.6-6.5 for SrSnS; respectively. A material exhibiting a substantial
dielectric constant facilitates effective screening and reduces carrier
recombination [57,58], suggesting their suitability for photovoltaics
and other optoelectronic applications.

The imaginary component of the complex refractive index (the
optical extinction coefficient, representing energy loss in the material)

is expressed as Eq. (14),

172
—e

[(5(1>)2+ (5<2>)2]
k:\ 3

while its real component (associated with the dispersion of light within
the material) is described by Eq. (15).

14

[(5(1))2 + (5<2>)2] e

n=\ >

The refractive index of the materials at the zero-frequency limit, de-
noted as the static refractive index n(0), can be computed from Eq. (16)
and listed in Table 8.

n(0) = Vel (0)

The real part of the complex refractive index along different directions
is shown in Figs. 7(a) and 7(c) for BaSnS; and SrSnS;, respectively.
The refractive index (n) increases as the incident energy increases from
its static value of 2.49 to 2.75 for BaSnS; and from 2.57 to 2.89 for
SrSnS; at 620 nm (2 eV). The refractive indices of both materials are
increasing and have two peaks, one in the visible region and the other
in the ultraviolet region. The n value attains its maximum value of
3.06 for BaSnS; and 3.20 for SrSnS;. The refractive indices of both
materials are greater than 2.4 in the region of 0-6 eV, and after that,
they start decreasing in high-energy region. The decay or reduction
in the oscillation amplitude of the incident electric field is associated
with the extinction coefficient k(w). Figs. 7(b) and 7(d) represent,
the anisotropic plot of extinction coefficient for BaSnS; and SrSnS;.
k(w) exhibits comparable characteristics to the absorption coefficient
a(w), as they are interconnected through the Beer-Lambert law [59].
Notably, the extinction coefficient remains almost zero in the IR region
(Energy < 1.5 eV). It increases with the incident photon energy towards
the visible and UV regions. The value of k(w) is found to attain its
maximum around 6-7 eV and decreases with a further increase in
energy due to low absorption. These significant extinction coefficient
and refractive index values are comparable to those of several potential
solar cell absorber layer materials [60,61].

(15)

1e)
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Table 8

Components of the dielectric function, refractive index and reflectivity of XSnS;
compounds.

Dielectric function £D(0) £0(0) £0(0) D(0)

BaSnS, 6.268 6.398 5.994 6.220

SrSnS; 6.761 6.839 6.189 6.596
Refractive index 1, (0) n,,(0) n_,(0) n(0) (Eq. (16))
BaSnS,; 2.503 2.529 2.448 2.493

SrSnS; 2.600 2.615 2.487 2.568
Reflectivity R, (0) R,,(0) R..(0)

BaSnS; 0.184 0.187 0.176

SrSnS; 0.197 0.199 0.181

Birefringence signifies the variance between the real components
of the refractive index across distinct crystal orientations, In contrast,
dichroism denotes the difference in the imaginary components of the
refractive index along different crystal directions. These are given as:

An=n; —n;

Ak =k, —k;

where i and j represent principal crystal axes, x, y or z (see Fig. 8).

Both materials exhibit uniform birefringence throughout the in-
frared range, with a value of 0.1 for BaSnS; and 0.15 for SrSnSj;,
including short-wave, mid-wave, and long-wave infrared atmospheric
transmission regions. Upon further increasing the energy, birefringence

can be observed in both the visible and UV regions, with maximum
values of 0.50 for BaSnS; and 0.53 for SrSnS;, respectively. Similar
observations are also found for HfSnS; and ZrSnS; materials, which
are reportedly suitable for use in photovoltaic cells. The dichroism is
found to be isotropic and has a threshold value of 1.6 eV in the infrared
region, and is found to be increasing in the visible and UV region
with the maximum value of 0.549 for BaSnS; and 0.551 for SrSnS;
respectively.

The other properties, such as optical absorption coefficient («), re-
flectivity (R) and energy loss function (L) of a material are, determined
directly from dielectric function relations Eqs. (17)-(19) respectively.

2w

a==—"%k (17)
C
[n— 117+
== "= 18
[n+1]% + k2 (18)
(2)
¢ (19)

b= s oy

Figs. 9(a)-9(f) represent both material’s absorption coefficient, re-
flectivity, and energy loss function versus energy plots. The absorption
coefficients (a) for BaSnS; and SrSnS; are shown in Figs. 9(a) and 9(d),
respectively. They exhibit a large optical absorption (~10° cm~!) and
significant anisotropy in the visible (0.2 x 10° cm~!) and UV regions.
A sharp increase in a is observed around 4 eV for both materials,
reaching maximum values of 1.44 for BaSnS; and 1.50 for SrSnS;,
respectively. The substantial absorption coefficient of these materials
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remains greater than (=1 x 10® cm™1) from 4 eV to 10 eV, indicat-
ing their potential for use as an absorber material in photovoltaic
applications.

The surface characteristics of a material are defined by its reflec-
tivity R(w), Figs. 9(b) and 9(e) depicts the reflectivity plots of BaSnS;
and SrSnS;, respectively. The average reflectivity of the compounds is
reasonably low in the visible region, and it increases with an increase
in photon energy, reaching a maximum value of 0.41 (~40%) at around
6-7 eV, and approximately 0.2 (20%) in the IR and visible regions. The
electron energy loss function L(w) represents the energy lost by fast-
moving electrons as they enter a medium per unit length. Figs. 9(c)
and 9(f) depict the anisotropic plots of energy loss function for BasnS;
and SrSnS;, respectively. Both materials exhibit sustainability with
negligible energy loss up to the threshold energy in the IR region, and a
further increase in energy will lead to a raise in the energy loss function.
They show similar variations and have a value of less than 0.1 in the
visible and 0.3 in the UV region. Both material’s low reflectivity and
energy loss show their applicability in solar cell absorber materials and
other optoelectronic applications.

4. Conclusion

Our study focused on the density functional theory analysis of
alkaline metal (Ba, Sr) tin chalcogenides XSnS;. The optimized crystal
lattices are consistent with the available experimental reports, and both
materials are found to crystallize in the orthorhombic space group
(Pnma). Notably, the material has a quasi-one-dimensional structure,
consisting of edge-shared SnS, octahedra that extend along the b-axis.
The mechanical stability of the material is determined by the Born
stability criteria, computed from the elastic constants C;;. Our findings
indicate that both BaSnS; and SrSnS; are mechanically stable. The
estimated Poisson’s ratio and Pugh’s ratio indicate that both materials
are ductile nature. The anisotropy of the materials is analyzed using
the ELATE software. The plots show noticeable anisotropy along the
xz plane (along the chain direction) for both BaSnS; and SrSnS;.
Mechanical stability, dutility with significant anisotropy indicate their
suitability for material design for opto-electronic applications. Elec-
tronic band structure analysis using the TB-mBJ functional reveals
that BaSnS; (1.55 eV) and SrSnS; (1.39 eV) are moderate indirect
band gap semiconductors. The obtained band gap values fall within a
favorable range for solar cell absorber materials. The projected density
of states predicts that the valence band is primarily composed of S-p
orbitals, while the hybridized Sn-s and S-p orbital states dominate the
conduction band. The analysis of the optical behavior of the studied
materials reveals their significant anisotropy, high dielectric constant,
and refractive indices. These materials exhibit low energy loss and
reflectivity (<40%) across the entire range of incident photon ener-
gies from O to 10 eV and a high absorption capacity in the visible
and ultraviolet regions. The above summarized implications effectively
highlight the key findings of the research and the potential applications
of the studied materials, particularly emphasizing their suitability for
photovoltaic solar cell absorber materials.
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