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Abstract: Investigation of electronic and optical properties is important for integrating the material into devices. The
investigated electronic characteristics of the SiS; monolayer reveal that the band gap in the noble-metal-doped system
increases significantly with increasing doping concentration. However, its indirect band gap features persist even after
doping. A slight increase in doping concentration shifts the material’'s band gap. Several quantum-chemical quantities
were calculated using the concepts of HOMO and LUMO energy states to gain insight into the material’s kinetic stability
and chemical reactivity. The investigated optical quantities depend on dopant concentration and light polarization in the
visible and UV regions, suggesting the material’s integration into optoelectronic devices. The polarization-dependent
light absorption in the SiS, can be used to build on-chip polarizers and polarization-sensitive photodetectors. It is a
material with a negative real dielectric constant, indicating its potential applications in super- and hyper-lenses, optical
switches, and other novel optical thin-film-based components and devices. In addition to their excellent optoelectronic
properties, the scintillation performance of these materials has also been evaluated. The calculated output light yield
under ideal conditions is highest for the pure material, exceeding that of several reported halide-based scintillators. It is
also observed that the scintillation performance is slightly reduced in the doped materials. The studied scintillation
properties of SiS; monolayers suggest that it is a potential candidate for applications in high-energy physics, diagnostics,
imaging, and security. Therefore, this work suggests that the studied materials are excellent for anisotropic
optoelectronic and scintillating devices.

Keywords: Two-dimensional materials, Electronic properties, Dielectric and Optical spectra, Scintillation, Density
functional theory.

1. INTRODUCTION

The characterization of two-dimensional (2D)
materials has progressed rapidly in recent years,
following the successful synthesis of an atomically thin
single sheet of graphite [1]. Until now, many 2D
materials have been experimentally and theoretically
realized using various techniques [2-8]. Materials
science is still advancing rapidly, both experimentally
and theoretically, regarding the search for unknown 2D
materials. Ab initio molecular dynamics simulations and
machine learning are used to predict new 2D materials.
For instance, graphene-like ionic NaX (X=F and Cl) 2D
monolayers[9], group llIA-IVA elemental 2D materials
[8], chalcogen-based compounds[10], A;BX,-type 2D
materials [11, 12], and many more [13]. Lithium metal
electrodes have been recently synthesized to
demonstrate long-term thermal and electrochemical
stability, along with improved energy density in
all-solid-state lithium batteries [14]. These
low-dimensional materials also have potential
applications in spintronic device technology [15].
Several 2D materials have been explored
experimentally and theoretically for potential
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applications in sensing technology [16], catalysts [17],
and optoelectronics [18, 19].

The chalcogenide-based group-IVA compounds
have attracted significant research interest due to their
exotic physical and chemical properties [20-25].
1T-SnS; nanosheets were recently synthesized using
mechanical exfoliation to exhibit a thickness-dependent
out-of-plane piezoelectric response [26]. GeS,
monolayers were also investigated using first-principles
methods for their adsorption behavior toward various
toxic gases [27]. Inspired by these studies, group
IVA-VIA 2D compounds have garnered significant
research interest due to their large bandgap and
intrinsic semiconducting properties. SiS, is also
crystallized in 2D with various structures and belongs
to a family of IVA-VIA 2D compounds [28, 29].
Group-VIA compounds exhibit layered solid structures
between the ambient and high pressure. Ab initio
molecular dynamics (AIMD) simulations combined with
first-principles calculations predicted three distinct
phases (R3m, P3m1, P6smc) of SiS, 2D layers, in
which the Si atom is octahedrally coordinated to the S
atom. It has been reported that these structures are
more stable than those with tetragonal coordination.
P3m1 is the most stable phase of the SiS, 2D
monolayer up to 100 GPa with the lowest enthalpy [30].
All three phases of SiS, show a continuous decrease in
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the indirect band gap with increasing pressure. This
system metallizes at an applied pressure of around 30
GPa. The P3m1 phase of the SiS, monolayer shows a
bandgap of around 2.0 eV at 10 GPa, and the
metallization occurs at 40 GPa. This material
transitions from an indirect-bandgap semiconductor to
a poor metal at 40 GPa with overlapping bands
between the I' and K points. It remains a poor metal
even at 100 GP, showing a low density of states
around the Fermi energy [30]. The P3m1 phase of
SiS, monolayer was detected in the XRD pattern on
compressing it above 7.4 Gpa [31], consistent with the
Raman active vibrational modes predicted using group
theory.

SiS, monolayers fit into the landscape of functional
thin films as a next-generation 2D material with a
powerful suite of customizable properties. lts
semiconducting nature, tunable bandgap, unique
optical profile, and auxetic properties position it as a
versatile candidate for applications in optoelectronics,
energy storage, and flexible nano-mechanics [32, 33].
It expands the current materials toolkit beyond
conventional films like SiO, and broadens the
possibilities for designing future technologies. It can
also be combined with other 2D materials to form
heterostructures. For example, a SiS,/WSe,
heterostructure has shown type-ll band alignment,
which promotes the separation of electron-hole pairs
[34]. This is a desirable property for improving the
efficiency of photoelectric devices. It exhibits a tunable
bandgap that can be modified by applying external
strain [35]. This feature is critical for tailoring the
material for specific applications, such as adjusting the
absorption wavelength in solar cells. However, the
SiS,/BSe heterojunction is a promising candidate for
photocatalytic water splitting [36].

A scintillator is a material that converts incident
ionizing radiation into low-energy photons, a main
feature of the scintillation detector. Scintillators based
on inorganic materials have been widely explored for
applications [37, 38]. These studies have identified
materials that exhibit several common properties, such
as high light yield, fast decay time, and high density [39,
40]. These properties are important for achieving high
efficiency and high resolution. However, these
specifications for scintillating material are not obtained
in all studied materials. Some are either expensive,
hygroscopic, or take an extended synthesis time. A few
recent studies reported halide-based materials for
scintillation purposes. For example, Tl-based halide
materials exhibit promising scintillation properties for
X-ray and y-ray detection [40-42]. Specifically, TIMgCl;
has an advantage over other scintillating materials: it is
non-hygroscopic and exhibits self-activated scintillation,

eliminating the need for doping [43, 44]. Hence, it
enables low-cost, homogeneous, and large-scale
material growth. A few studies reported the
characterization and scintillating properties of halide
compounds. A few common optical properties of a
high-performance scintillating material that can
maximize its detection efficiency are a low reflection
coefficient, a high index of refraction, and a low
absorption coefficient [37, 38].

Unprecedented success in synthesizing the stable
phase of the 2D SiS, monolayer has led to enormous
research interest in its properties for various
applications. The electronic properties of the 2D SiS,
monolayer have already been explored [28, 29, 33, 34].
High light absorption in SiX, (X=S, Se, and Te)
monolayers in the ultraviolet region indicates their
potential for nanoelectronics and optical devices [45].
Under applied uniaxial strain, it is transparent to both
infrared and visible light. Its optical properties change
significantly along the zigzag and armchair directions in
the presence of an uniaxial strain [35]. Doping with
pnictogen atoms can tune the magnetic and electronic
properties of SiS, monolayers [46]. The doping method
has been applied to several 2D materials to modify
their electronic and optical response [47-49]. However,
the noble-metal-doped SiS, monolayer has not been
reported to the best of our knowledge. Therefore, this
study aims to investigate the effect of noble metal (Pt)
doping on the electronic, optical, and scintillation
properties of the SiS, monolayer. The impact of varying
dopant concentrations is also investigated. The
electronic and optical response of the metal-doped
SiS, monolayer changes significantly, suggesting its
potential for optoelectronic device applications and
making it a good candidate for scintillation detectors.

2. COMPUTATIONAL
DETAILS

AND  CALCULATION

We use the OpenMX simulation package to perform
all density functional theory (DFT) calculations using
the norm-conserving pseudopotentials within the
generalized gradient approximations (GGA). The
exchange-correlation potential is treated with the
Perdew-Burke-Ernzerhof (PBE) functionals. Cell
vectors and atomic coordinates were simultaneously
relaxed using the variable-cell optimization scheme. It
uses the combined rational functions (RF) and the
direct inversion iterative subspace (DIIS) method. The
approximate Hessian is used for the BFGS update. The
variable-cell optimization runs iteratively until the force
on each atom is equal to or less than 3x10™
Hartree/Bohr. The kinetic energy cutoff of 240 Ry is
used for the internal coordinates and cell vector
relaxation. The energy convergence criterion for the
self-consistent iterations was set to 10° Hartree. The
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Kohn-Sham wave functions were expanded using the
optimized pseudoatomic basis sets. The basis sets
used for Si, S, and Pt are tabulated in Table 1. For
example, Si7.0-s2p2d1 means that two, two, and one
optimized basis radial functions are used for s, p, and d
orbitals, respectively, for Si and S atoms, where 7.0
indicates the used cutoff radius. Similarly, the
optimized basis radial functions used for S and Pt
atoms can be explained. The Fermi-Dirac function
accounts for the number of electrons at 700K during
the SCF calculations. The self-consistent iterations
were performed using a 9x9x1 k-point mesh. The
doping concentration in a 3x3x1 SiS, supercell was
varied by increasing the number of dopant atoms. In
this study, Pt-atom, a member of noble metals, was
used as a dopant. We modelled a 3x3x1 SiS; supercell
doped with one, two, and three Pt-atoms,
corresponding to a doping (percentage) concentration
of 3.70%, 7.41%, and 11.11%, respectively. The
electronic calculations were performed using a
21x21x1 k-point mesh. The inter-layer interactions
were avoided using a vacuum space greater than 15 A
along the c-axis of the 2D SiS, monolayer. However,
the dielectric and optical calculations were performed
with a 21x21x1 k-point mesh. The OpenMX simulation
package calculates dielectric functions and other
optical quantities using the Kubo-Greenwood formula
for conductivity and dielectric tensors, which involves
calculating matrix elements [50, 51] between the filled
and empty electronic states.

Table 1: List of used Basis Sets in the DFT Calculations

Si7.0-s2p2d1

§7.0-s2p2d1f1

Pt7.0-s3p2d2

3. RESULTS AND DISCUSSIONS

3.1. Structural Optimization and Electronic
Properties
Group IVA-VIA monolayer compounds have

attracted significant research attention due to their
unique  structural and electronic  properties.
Free-standing SiS; single layer is also a member of the
group IVA-VIA monolayer compounds. It belongs to the
p3m1 space group. We consider the 1T phase of the

SiS; single layer. Its unit cell has three atoms: one Si
atom and two S atoms. In the SiS, monolayer, the Si
and S atoms are arranged in an S-Si-S layer pattern,
i.e., two S-atomic layers on either side of a Si-layer in
the middle. In other words, it is a quasi-2D planar
material with a hexagonal symmetry. This hexagonal
symmetry can be seen from the Si-atoms bonded to
the six nearest neighboring S-atoms (an octahedral
coordination between S| and S-atoms). In this
hexagonal structure with p3m1 space group, the Si
and S-atoms are positioned at 1a and 2d Wyckoff
positions. The optimized crystal structure of the SiS,
monolayer (front and side views) in a 3x3x1 supercell
approach is shown in Figure 1(a) and 1(b). The Si-S
bond length and S-S distance along the c-axis (i.e., the
buckling height) are denoted by dsis and h,
respectively, see Figure 1(b). After fully relaxing the
geometrical structure in the variable cell optimization
technique, discussed earlier in section 2, the following
crystal structure parameters were obtained: (i) lattice
constant a = b = 3.31 A, (ii) Si-S bond length dgis =
2.33 A, (iii) buckling height h = 2.64 A, respectively.
These are indicated in Figures 1(a) and (b),
respectively. These calculated optimized parameters
are also listed in Table 2 and compared with previously
reported works. The lattice parameters obtained for the
SiS; monolayer are close to the reported values,
indicating that the structure is well converged. These
parameters are suitable for investigating the electronic
properties.

However, we aim to exploit the electronic and
optical properties of the noble metal-doped SiS,
monolayer. The Pt-atom from the family of noble
metals is chosen as a dopant in the SiS, monolayer
system. Substitutional doping is popular among the
computational and simulation scientific community. In
substitutional doping, one or more atoms in the host
material are replaced by foreign atoms, called dopants.
For example, we have substituted one Si-atom (say the
thirteenth Si-atom) with a single Pt-atom as displayed
in Figure 1(c) (front view) and 1(d) (side view),
respectively. Again, the structural optimization was
performed for the single Pt-atom-doped SiS;
monolayer using the variable-cell optimization method.
The single Pt-atom doping in a 3x3x1 supercell of the

Table 2: Comparison between the Obtained and Reported Lattice Parameters of the SiS, Monolayer

Lattice parameters
Structure Present work Reported works
a(A) h (A) dsis (A) a(A) h (A) dsis (A)
. 3.28[45], 3.21[35], 3.32[32], 2.68[45], 2.64[46], 2.32[36,46],
1T-SiS; 3.31 2.64 2.33 3.29[36] 2.66[32] 2.33[32]
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SiS, monolayer corresponds to the 3.70% doping
concentration of the dopant atom. We named this
system SiS,-Pt@3.70%, and the undoped system is
denoted as SiS,-Pt@0%. The optimized structure
SiS,-Pt@3.70% is shown in Figure 1(c) and 1(d),
where the optimized lattice parameters were also
indicated. Doping leads to local structural modifications,
including changes in bond lengths and lattice
parameters. The doping slightly increases the lattice
constant from 3.31 A to 3.36 A, corresponding to a
1.51% increase relative to the SiS,-Pt@0% sample. All
the first nearest neighbors (S-atoms) of the dopant
atom (Pt-atom) significantly change their position,
leading to a modification in the Pt-S bond length. The
second and third-nearest neighbors also rearrange
themselves after doping. This atomic rearrangement
after noble metal Pt-doping leads to modification of the
Si-S bond length surrounding the dopant atom. The
Pt-S and Si-S bond lengths after structural optimization
are indicated in Figure 1(c). The doping locally distorts
the crystal structure; however, the atomic arrangement
far from the dopant site remains almost unchanged.
The estimated nearest Pt-S bond length is 2.40 A,
comparable to the pure PtS, monolayer [52]. However,
the calculated nearest and next nearest Si-S bond
lengths with respect to the dopant atom are 2.32 A and
2.35 A, respectively, Figure 1(c). The Si-S bond length,
further away from the dopant site, is almost the same
as in an undoped SiS; system. It justifies the claim that
the doping distorts the host structure locally. It is
noticed that the lattice constant increases with
increasing doping concentration. The lattice constants
of two and three Pt-atom doped SiS, (e.g.,
SiS,-Pt@7.41% and SiS,-Pt@11.11%) are estimated

to be 3.37 A and 3.40 A, respectively. The optimized
structures of SiS,-Pt@7.41% and SiS,-Pt@11.11%,
along with their lattice constants, are displayed in
Figure S1(a) and S1(b) of the supplementary
information (SI), respectively. This gradual increase in
the lattice constant is obvious because the increasing
doping concentration led to the gradual transformation
of SiS, to PtS,. The reported lattice constant of the
PtS, monolayer is 3.59 A [52]. Moreover, the SiS,
monolayer is dynamically, thermally, and mechanically
stable [46]. Structural stability is another important
concern in the experimental synthesis of a material.
Therefore, before discussing its properties, we briefly
shed light on the thermodynamic stability of the doped
and undoped SiS; monolayers. It is calculated for each
case using the concept of the cohesive energy, defined
as follows,

_ ZinEi—Er
Eg = =00 (™
Here, E; stands for the total energy of the

doped/undoped  systems. E; represents the
constituent atom’s (Si, S, and Pt) energy in a free state,
and n; is the corresponding total number of atoms.
For example, in SiS,-Pt@0%, there are nine Si-atoms
(ng; = 9) and eighteen S-atoms (ng = 18). Similarly, for
SiS,-Pt@3.70%, there are eight Si-atoms (ng; = 8),
eighteen S-atoms (ng = 18), and a

Single Pt atom (np; = 1), and so on. According to
the definition of the cohesive energy in Eq. (1), the
more positive energy corresponds to the strong
structural-chemical stability. In other words, cohesive
energy measures the strength of bonding between the

Figure 1: Optimized crystal structure in the supercell approach. Front (a) and side (b) views of the pure SiS, monolayer,
respectively. (c) and (d) are the front and side views of the 3.70% Pt-doped SiS, monolayer, respectively. The 3.70% doping
corresponds to the single Pt-atom doping in the 3x3x1 supercell of the SiS; single layer. The optimized lattice parameters and
various dsi.s bond lengths are mentioned in their respective diagrams, where h denotes the buckling height and ds;s is the Si-S

bond length.
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constituent elements/atoms in a material or compound.
In this work, the calculated cohesive energy of the pure
SiS, monolayer supercell (SiS,-Pt@0%) is nearly
11.65 eV. However, the cohesive energy of the doped
SiS, monolayer is slightly enhanced with an increase in
the Pt-doping concentration. The cohesive energy of
the Pt-doped SiS2 monolayer is in the following order:
SiS,-Pt@0% (11.65 eV) < SiS,-Pt@3.70% (13.86 eV)
< SiS,-Pt@7.41% (15.98 eV) < SiS,-Pt@11.11%
(18.01 eV), respectively. The increasing cohesive
energy of the SiS; monolayer with increasing Pt-doping
concentration shows strong thermodynamic stability of
the respective structure. Hence, the highly Pt-doped
SiS, monolayer possesses strong thermodynamic
stability. A highly thermodynamically stable structure
indicates that the constituent atoms are more strongly
bonded to each other. Hence, the structural
configuration is more energetically favorable than
atoms in their free state. The reported values of the
cohesive energy of a pure SiS, monolayer unit cell are
4.23 eV/atom [32] and 4.73 eV/atom [45]. Another way
to determine the dynamical stability of a crystal
configuration is the phonon dispersion along the
high-symmetry BZ. The absence of imaginary
frequencies in the phonon spectrum is a characteristic
feature of a dynamically stable structure [45]. It is
shown that the phonon spectrum exhibits nine
vibrational modes around the T' —point, including three
low-frequency acoustic vibrations and Six
high-frequency optical vibrational modes (see Figure 2
of ref [45]). Ab initio molecular dynamics (AIMD)
simulation is another way to examine structural thermal
stability, Figure 2(c) in ref. [46]. The temperature was
observed to fluctuate slightly around 300K, suggesting
that the SiS, monolayer is thermally stable. Moreover,
these temperature fluctuations do not rupture bonds
between the constituent atoms. These results are
sufficient to demonstrate that the materials under
investigation possess strong structural stability and can
be used to investigate their physical and chemical
properties.

A few quantum chemical parameters have been
calculated to gain further insight into kinetic stability
and chemical reactivity. These quantum-chemical
parameters are estimated using the concepts of the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), which
together form the frontier molecular orbitals (FMO).
These molecular orbitals (MOs) are important in
understanding the electronic structure, kinetic stability,
chemical reactivity, and optoelectronic properties. The
HOMO-LUMO isosurfaces are displayed in Figure S2
of the Sl. Determining these energy levels is crucial for
integrating different materials into efficient devices,
such as transistors, solar cells, and light-emitting
diodes (LEDs). The energy difference between the
HOMO and LUMO energy levels is known as the

HOMO-LUMO energy gap (AE,). Generally, it is the
lowest possible energy for electronic excitations in a
compound. A large HOMO-LUMO gap indicates that
the electron excitation requires a high amount of
energy from a lower to a higher energy level. It also
corresponds to the minimum amount of energy
required for an electronic transition to occur in a
material and for it to conduct electricity. On one hand,
the HOMO energies determine the electron-donating
(or losing) ability. On the other hand, the LUMO
energies are responsible for the electron-accepting
(receiving or gaining) ability. In other words, the
energies corresponding to HOMO and LUMO can be
termed the ionization potential (IP) and electron affinity
(EA), respectively [53]. The low-energy HOMO levels
indicate that the respective compound has a greater
tendency to lose electrons. The AE, is an important
parameter in understanding the material’s kinetic
stability and chemical reactivity. A larger HOMO-LUMO
gap indicates that the material is more chemically hard
and less chemically reactive. The high chemical
hardness indicates stability.

The HOMO-LUMO energy gap concept is applied to
understand the chemical kinetics and reactivity of pure
and doped SiS, monolayers. Various
quantum-chemical parameters are listed in Table 3 and
were determined from the HOMO (Enomo = IP) and
LUMO (ELumo = EA) energy levels. The quantum
chemical quantities are determined from the following
formulae[54-56],

Absolute electronegativity, y = —M =—u
()

Chemical hardness, n = M = A% (3)
Chemical softness, ¢ = — = — (4)

2n AEg
Electrophilicity index, @ = £ = 2= = §x 2 (5)
philicity index, w = 3= 1= = Sxx
The HOMO and LUMO energy levels are

schematically drawn in Figure 2. A decreasing trend of
AE, with increased Pt-doping concentration was
predicted. The AE, is in the following order:
SiS,-Pt@0%>SiS,-Pt@3.70%>SiS,-Pt@7.41%>SiS,-

Pt@11.11%. The energies corresponding to HOMO
and LUMO are crucial in determining the mentioned
quantum-chemical quantities. In the context of
molecular orbital theory, these energy levels are also
used to determine the approximate value of the
ionization potential (IP) and electron affinity (EA) as
follows: IP = - Eqomo and EA = - E ymo. Hence, the
quantum-chemical parameters discussed above can
also be represented in terms of the IP and EA.
However, the calculated values of these parameters
are listed in Table 3 using the formulae mentioned



50 Functional Thin Films and Energy Materials, 2025, Vol. 1 Kumar et al.

Table 3: Various Quantum Chemical Parameters of Pure and Doped SiS; Monolayers

Quantum Chemical Parameters in Units of eV.
system
Enomo ELumo AE, x(=-pw n 4 w
SiS,-Pt@0% -6.52 -4.04 2.48 5.28 1.24 0.40 11.24
SiS,-Pt@3.70% -6.33 -4.06 2.27 5.20 1.14 0.44 12.28
SiS,-Pt@7.41% -6.23 -4.11 2.12 5.17 1.06 0.47 12.61
SiS,-Pt@11.11% -6.28 -4.28 2.00 5.28 1.00 0.50 13.94

above in terms of the HOMO and LUMO energies and
AE,. The lowest LUMO energy level signifies the

reactivity can be further improved in the highly
Pt-doped system due to the large y and p.

elegctron acceptor level, whereas, the highest energy
corresponding to the HOMO level indicates the strong
electron-donating capability. In the doped material,
these are expected to shift relative to the undoped case
(see Figure 2).

The absolute electronegativity (y) indicates how
strongly a system attracts electrons. It can be
determined from the molecular orbital (MO) energies
using Eq. (2). The larger y corresponds to the strong
electron-attracting ability of a particular material or

compound, indicating a large amount of charge transfer.

For example, the value of y is maximum for the
undoped SiS, monolayer, and decreases slightly with a
small doping percentage. However, a large doping
amount again increases its value. This means the SiS,
monolayer has a strong ability to attract an electron.
The y is also related to the electronic chemical
potential (1) by the relation y = —u. The u indicates
the charge transfer and, hence, the chemical reactivity
of compounds. In other words, materials with high y
and u are more reactive because such materials have
a strong ability to attract electronic charges. Therefore,
undoped SiS, exhibits strong charge-attracting

capability and is a strongly chemically reactive material.

However, its electron attraction capability and chemical

ELUIWIO — _4‘ 04‘ eV .*4. 06 eV
F 5 F 3
@ (b)
AE, = 2.48 eV AE, = 2.27 eV
|
—6.33 eV

EHOMO = —6.52el

The chemical hardness () measures the material’s
ability to resist or permit the charge transfer. It can be
determined from Eq. (3), expressed in terms of the
HOMO/LUMO levels energy and AE,. According to Eq.
(3), it is just half of the HOMO-LUMO bandgap. Its high
value indicates that the material strongly resists charge
transfer, showing that the respective material is
chemically hard and vice versa. It suggests that
increasing the Pt-doping concentration reduces the
chemical hardness of SiS, and shows less resistance
to charge transfer. Simultaneously, its stability
decreases slightly with an increased Pt-doping
concentration. Moreover, its low value also indicates
that the material is strongly chemically reactive. Hence,
the material with a high value of y or u and a low
value of n exhibits strong chemical reactivity. The
highly Pt-doped SiS; is a less hard material; it shows
strong chemical reactivity and slightly reduced stability.
Collectively, a material with a large HOMO-LUMO gap
shows its high kinetic stability and hardness, and vice
versa. The softness index (¢), Eq. (4), determines the
material’s capacity to receive electrons. A high ¢
value indicates that the material is soft. The increasing
trend in the softness index shows that SiS, softness
increases with increasing Pt-doping concentration. It
further supports the increased chemical reactivity of the
highly Pt-doped SiS, monolayer. The electrophilicity
index (w ), Eq. (5), determines the material's
electron-accepting ability and resistance to electron

~4.11eV
- —4.28 eV
Y
© @
AE,=2.12eV |AE,=2.0eV
~6.23 eV ~6.28 eV

Figure 2: Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels in pure
and doped SiS; monolayers. (a) SiSx>-Pt@0%, (b) SiS>-Pt@3.70%, (¢) SiS,-Pt@7.41%, and (d) SiS>-Pt@11.11%, respectively.
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exchange with surroundings. A high value of w
supports large electron transfer between the acceptor
and donor species. It means that a material with a high
w (e.g., high u and low n) is highly electrophilic,
favors strong electronic transfer between the donor and
the acceptor, and offers less resistance to charge
transfer. In the present case, for example, the
electrophilicity index (w) increases remarkably with
increasing Pt-doping concentration. It is maximum
(=13.94) for 11.11% Pt-doped SiS, monolayer,
indicating that Pt@7.41%>SiS,-Pt@11.11% is a strong
electrophile. Hence, it tends to accept additional
electrons from its surroundings and is less resistant to
electron transfer. These quantum-chemical parameters
have been discussed in ref [57] for a few organic
molecules.

Next, we investigated the electronic properties of
pure and Pt-doped SiS, monolayers using the
optimized structural details. These electronic properties
were calculated along the -M-K-I' path of the 2D
hexagonal Brillouin zone (BZ). The electronic structure
and DOS of pure SiS, monolayer (e.g., SiS,-Pt@0%)

are elucidated in Figure 3. In the case of a pure SiS;
monolayer, the valence band maximum (VBM) is
located between the I'- and M-points, Figure 3(a).
However, the conduction band minimum (CBM) lies at
the M-point. The indirect band gap obtained in the pure
SiS, monolayer is nearly 1.42 A, comparable to the
reported values in Table 4. However, the obtained
bandgap values using the PBE are smaller than those
using the HSE exchange-correlation potential. In the
HSE exchange-correlation potential within the GGA
approximation, the reported bandgap values of the
pure SiS; monolayer are 2.22 eV [45], 2.34 eV [32],
and 2.45 eV [34]. The underestimation of the bandgap
in the PBE functional is due to the self-interaction error,
which can be corrected by using a hybrid functional
such as HSE. The total DOS in Figure 3(b)
corroborates the band structure of SiS,-Pt@0% in
Figure 3(a).

The electronic properties of the pure SiS,
monolayer were reported in several studies, as
discussed above. The electronic properties of the pure

Table 4: Comparison of the Calculated and Reported Bandgap (Eg, €V) Values of Pure SiS2 Monolayer. CHANGES in
Bandgap Values and the Positions of the VBM and CBM with Increasing Doping Concentration are also Noted

System SiS,-Pt@0% SiS,-Pt@3.70% SiS,-Pt@7.410% SiS,-Pt@11.11%
This work (bandgap) 1.42 1.79 1.80 1.82
Others|ref]
1.33[45], 1.36[32], 1.39[34] - - -
(bandgap)
CBM (eV) 0.68 0.87 0.89 0.88
VBM (eV) -0.74 -0.92 -0.91 -0.94
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Figure 3: Electronic band structures and total density of states of the pure and doped SiS; monolayers. (a), (c), (e), and (g) are
the band structures of 0%, 3.70%, 7.41%, and 11.11% Pt-doped SiS, monolayer, whereas (b), (d), (f), and (h) are their

corresponding total density of states, respectively.
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SiS,; monolayer can be modified in several ways. The
doping methods to change its electronic properties are
one of them. A Pt atom from the family of noble metals
is chosen for the substitutional doping in the SiS;
monolayer. A Pt-atom is inserted by replacing a single
Si-atom in the host SiS, monolayer; e.g., we doped a
3x3x1 supercell of the pure SiS, monolayer, containing
a total 27 number of atoms, with a single Pt-atom. It
corresponds to a 3.70% Pt-doping. The SiS, monolayer
doped with a single Pt atom is denoted as
SiS,-Pt@3.70%. Therefore, in this work, efforts have
been made to investigate the effect of Pt-doping on the
structural and electronic properties. This doping leads
to the locally distorted crystal structure discussed
earlier. The effect of a single Pt-atom doping on the
electronic band structure and DOS s illustrated in
Figures 3(c) and 3(d), respectively. It is clear from
these figures that the band gap increases significantly
after substitutional Pt-atom doping at one of the Si sites
(e.g., the thirteenth Si atom, see Figure 1). The doping
shifts the CBM and VBM towards the up and down
sides, respectively, with respect to the zero-energy
level. It increases the separation between the VBM and
CBM, thereby increasing the bandgap of the SiS,
monolayer material. However, its indirect bandgap is
preserved. In other words, doping does not change the
indirect bandgap characteristic of the SiS, monolayer,
even after doping. Moreover, additional electronic
states in the VB and CB are evident. The
doping-induced effect on the band structure is justified
by the total DOS, shown in Figure 3(d). The absence of

SiSz'Pt@O 0/0

DOS between the VBM and CBM justifies the
corresponding increased bandgap in the
SiS,-Pt@3.70% monolayer.

We have also studied the effect of varying Pt doping
on the band structure and DOS, which is still an open
question. For this purpose, we increased the doping
concentration by adding dopant atoms to a 3x3x1 SiS,
supercell. The electronic band structures of two and
three Pt-atom-doped SiS, monolayers are shown in
Figures 3(e) and 3(g), respectively. These two systems
correspond to 7.41% and 11.11% doping of Pt atoms
and are denoted as SiS,-Pt@7.41% and
SiS,-Pt@11.11%, respectively. Doping also leads to
more electronic states appearing in the electronic band
structure. It is observed that the bandgap changes are
insignificant with the Pt-atom doping concentration. It
can be further justified from the total DOS shown in
Figures 3(f) and 3(h), respectively. The bandgap
variation pattern is shown in Table 4, along with the
position of the VBM and the CBM. Moreover, it has
been observed that increasing the Pt-atom doping
concentration does not significantly change the
electronic properties. Therefore, we restrict ourselves
to discussing the varying doping concentration (e.g.,
SiS,-Pt@3.70%) and compare the results with those of
the pure material (e.g., SiS,-Pt@0%).

Insights into the obtained electronic properties can
be drawn from the projected DOS shown in Figures
4(a-c) for SiS,-Pt@0% and Figures 4(d-f) for

SiS,-Pt@3.70%
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Figure 4: Projected density of states of (a-c) SiS>-Pt@0% and (d-f) SiS,-Pt@3.70%.
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SiS,-Pt@3.70%, respectively. For the pure and 3.70%
doped cases, we have calculated the atomic- and
orbital-projected DOS. Both are calculated for atoms at
the dopant site (e.g., the thirteenth atom, see Figure 1)
and nearest neighbors. These are either the Si and
S-atoms in the host or the Pt-S atoms in the doped
system. Figures 4(a-c) show the DOS of the
constituent atoms of the host material (e.g., the
thirteenth Si atom and the nearest bonded S atom, say
atoms fourteen and fifteen). Whenever the specific
atom number is mentioned, readers should refer to
Figure 1 for specifications. It is evident from Figure 4(a)
that the atomic projected DOS of both of the
octahedrally connected S-atoms (for example, atoms
Si4 and Siys5) to the Sijz-atom in the pure SiS,
monolayer overlap on one another, signifying that DOS
of both of these atoms (blue color, for Sy5, hiding the
red color for S44) are contributing equally to the total
DOS. The Si and S atoms contribute significantly to the
TDOS of the pure SiS, monolayer. The
orbital-projected DOS shows that S-p, contributes
more to the VB than the equal contributions from S-p,
and S-py, see Figure 3(c). However, the S-p, and S-p,
orbitals contribute to the VBM, and the Si-s orbital
predominantly contributes to the CBM, see Figure 4(b),
with a comparatively small contribution from the S-py
and S-p, orbitals. The S-s orbital has a negligible
contribution to the total DOS, see Figure 4(c), of the
pure SiS, monolayer. In other words, from the above
discussion, it can be stated that the electronic states in
the upper part of the VB are predominantly due to the
S-p orbitals. In contrast, the energy states in the CB
mainly originate from the Si-s orbital. Moreover,
electronic hybridization can be noticed in both the VB
and the CB. These findings agree with other reported
works [35, 46].

The orbital projected DOS of a single Pt atom
doped SiS, monolayer (e.g., SiS,-Pt@3.70%) is
displayed in Figures 4(d-f). It is seen that the Pt-atom
has a significant contribution in modifying the electronic
properties of the SiS, monolayer. It dominantly
contributes to the total DOS in both the VB and CB.
The S-p, and S-p, orbitals predominantly contribute to
the VBM, while the Pt-s and Pt-p orbitals have a
negligible contribution. The S-p, and Pt-p, orbitals
contribute to the deep-lying VB and CB electronic
energy states. Similarly, Pt-s, S-p,, and S-p, orbitals
form the CBM. Most importantly, electronic
hybridization between different Pt and S orbitals is
evident in both the VB and the CB. It indicates an
electron-sharing feature, showing a strong covalent
bonding between the Pt- and S-atoms. Due to the
electronegativity difference between the Pt and S
atoms, a small amount of charge transfer occurs
between them. It shows a slight ionic character of the

Pt-S bond. Hence, Pt-S bonds in the SiS,-Pt@3.70%
exhibit the coexistence of covalent and ionic bond
features. The electron sharing and hybridization
between the Pt- and S-orbitals can be confirmed from
the total electron densities of each system, Figure S3
of the Sl. Figure S3(a) shows that the total electron
density enriched sites are mainly at S-atoms, indicating
that the Si-S bonds are predominantly ionic. The same
observations have been made by calculating the
electron localization function (ELF). It is observed that
the electrons are highly localized around the S atomic
sites, indicating the ionic character of Si-S bonds in the
SiS,; monolayer [46]. The ionic character of Pt-S bonds
in SiS,-Pt@3.70% is clear from Figure S3(b). Due to
the electronegativity difference, the electron density on
Pt- and S-atoms is slightly stretched along the Pt-S
bond length direction. Similar features can also be
seen for SiS,-Pt@7.41%, Figure 83(c), and
SiS,-Pt@11.11%, Figure 83(d). The Mulliken charge
scheme is used to visualize[58] the net charge on each
constituent atom of the pure and doped SiS, monolayer,
illustrated in Figures S4 and S5. It is seen that the
Si-atom is an electron loser, whereas S-atoms behave
like electron acceptors. This analysis indicates that the
Si-atom can transfer 0.475 electronic charges to each
S-atom bonded to it, Figure $S4(a). A similar
phenomenon is also seen in the Pt-doped SiS;
systems, supporting the coexistence of covalent and
ionic bond features in all the doped SiS, monolayers,
Figures S84 and S5 of the SI. The difference electron
density is measured from the individual atomic
densities in each system, as depicted in Figures S6.
Figure S6(a) shows that the electron-rich density
regions are mostly located around the Si atom,
showing its electronic donor features. A small electron
density localization between the Si-S bond further
supports the covalent bonding. The difference electron
density is redistributed after Pt-atom doping, illustrated
in Figures S6(b-d). A significant depletion of the
difference electron density was noticed on the Pt-atom
and the region along the Pt-S bond. Simultaneously,
small difference electron density accumulation and
depletion regions were observed around S- and
Pt-atoms, respectively. It again asserts the coexistence
of covalent and ionic bonding in the doped SiS,
systems. The difference electron density exhibits
similar features as the doping concentration varies, as
shown in Figures S6(c) and S6(d). In short, the
electronic band structure and DOS calculations show
that the pure and Pt-doped SiS, monolayers are an
indirect bandgap semiconducting material. However,
the bandgap in the Pt-doped SiS, monolayer is
significantly increased. Moreover, these materials
exhibit both partial covalent and ionic bonding
characteristics. These findings suggest that the
bandgap of the SiS, monolayer can be tuned by
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suitable doping, making it useful for electronic and
optoelectronic devices.

3.2. Dielectric Response and Optical Properties

The dielectric response is a material-dependent
property. It is determined by estimating the dielectric
function or dielectric permittivity. The dielectric function
is a quantity that describes how a material responds to
an applied electric field, relating the field strength to the
induced polarization. It is a frequency-dependent
quantity that characterizes the dielectric dispersion.
There is a time lag between the change in the
polarization direction and the applied field. Hence, the
dielectric function (permittivity) is a complex function of
the frequency of the applied field. This
frequency-dependent complex function plays a vital
role in determining the optical properties of a material.
It describes the dispersive properties of a dielectric
medium, e.g., how its response changes with varying
photon frequency.

Being a complex function of frequency, it can be
expressed as follows: e(w) = €;(w) + i€, (w). The real
part, €,(w), is a measure of the dielectric constant of a
dielectric material. It also defines the polarization of the
material under an applied oscillating field. It also
indicates the material’s ability to store electrical energy
in its electric field- a key feature of a dielectric material.
It also describes light propagation in a dielectric
material and thus measures the refractive index of a
refracting material. The frequency-dependent
imaginary part, €,(w), quantifies the energy loss to the
incident light field propagating through a dielectric
medium. In other words, it also indicates the material’s

ability to absorb energy from the oscillating applied field.

This energy absorption leads to energy dissipation or
attenuation. Alternatively, the light-matter interactions
are responsible for these energy losses in a dielectric
material. The stronger the light-matter interaction, the
larger the energy dissipation in a dielectric medium.
The higher the imaginary dielectric function, the greater
the energy absorption from the incident light field (e.g.,
the oscillating electric field). These energy losses also
represent the loss tangent, defined as the ratio of the
imaginary to the real dielectric constants of a material.

Theoretically, the imaginary dielectric function,
€,(w), is estimated from the calculation of the matrix
elements between the occupied and vacant energy
states defined by the Fermi distribution function, while
the Kramers-Kronig relation is used to calculate the
real dielectric function, ¢,(w). These are given, in the
linear optical approximation, as follows [59, 60],

4 m2e?

€2() = 2 S elen gL'k [ em) X fin (1 —
fkn') 5(Ekn' - Ekn - E) (6)

o w' ez(w') do'

61(w)=1+§1’f0 i (7)

In Egs. (6) and (7), P is the principal value of the
involved intergral, e is the electronic charge, V is the
system’s volume, m is the electron mass, w is the
oscillating frequency of the light field, |kn) is eigenket
of the light propagation with the eigenvalue E,,, the
Fermi distribution function is denoted by f;,, and E
(= hw) is the energy of the incident light field. The
dielectric functions were calculated using the
Kubo-Greenwood formula for the dielectric tensor as
programmed in the OpenMX DFT simulation package
discussed in Section 2 and described by Egs. [6] and
[7]. For the materials possessing hexagonal symmetry,
only the diagonal terms, e.g., €; (i=x, y, and z) in the
dielectric tensor contribute to the total dielectric
function; however, the off-diagonal terms, e.g., €; (i,
=X, y, and z, with i#j) are identically zero. These
approximations are valid for the systems considered in
this study because the 2D SiS, monolayer possesses a
hexagonal symmetry. Additionally, the in-plane
components contribute equally to the total dielectric
function of a material with hexagonal symmetry.
Moreover, the oscillating applied field is transverse. It
carries two different polarization directions, e.g.,
in-plane (parallel, ||) and out-of-plane (perpendicular,
1). Therefore, the dielectric functions are estimated for
field polarization parallel (e!l) and perpendicular (et) to
the propagation direction. In the present case, we
assumed that the material lies in the x-y plane. The
dielectric function parallel to the field polarization

direction (in-plane component) is denoted as e,'clx and

eJ','y, while the perpendicular component as e, (with
respect to the in-plane component). For all materials
considered here, €,, =¢€,, due to their hexagonal
symmetry. Therefore, only the x-component of all

quantities discussed in this work is considered.

The calculated dielectric functions (real and
imaginary parts) of pure and doped SiS, materials are
illustrated in Figure 5 for the varying frequency (w) of
the applied field. The dielectric and optical quantities
illustrated in this work are plotted as a function of
energy, ranging from 0 eV to 20 eV. The material’s
response in the visible region is indicated with a color
bar in all figures. Also, the color description across all
figures is preserved; e.g., black, red, blue, and pink
indicate the response of pure (SiS,-Pt@0%),
SiS,-Pt@3.70%, SiS,-Pt@7.41%, and
SiS,-Pt@11.11%, see Figure 5(d). Figures 5(a) and
5(b) elucidate the imaginary dielectric function.
However, the average imaginary dielectric function is
depicted in Figure 5(c). The €i*(w) in pure the SiS,
monolayer (SiS,-Pt@0%) increases from zero with
increasing photon frequency. The €5*(w) is zero in the
visible region for a pure SiS, monolayer. With
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Figure 5: Dielectric functions of pure and doped SiS,; monolayers at different doping level concentrations. (a) and (b) imaginary
parts of the dielectric function in the x- and z-polarization directions. (c) The average imaginary dielectric function. (d) and (e) x-
and z-components of the real dielectric function. (f) The average real dielectric function.

increasing photon frequency, several peaks and
shoulders appear in the imaginary dielectric function.
These peaks occur in the ultraviolet (UV) region along
the x(z)-polarization direction and are centered around
4.91(7.5) eV and 6.0(8.3) eV, respectively, Figures 5(a)
and 5(b). The z-component is larger than the
x-component (between 3.70 eV and 10.0 eV) in a
narrow UV energy region between 6.35 eV and 9.70 eV.
These peaks correspond to electronic transitions
between the filled VB and empty CB.

A significant increase in the x-component of ¢,(w)
is seen in the visible region with increased doping

concentration, Figure 5(a). In contrast, the
z-component is less affected due to doping.
Simultaneously, doping remarkably reduces the
imaginary dielectric ~ function (parallel and

perpendicular) in the ultraviolet (UV) region. A further
reduction was observed with increasing Pt doping,
Figure 5(a). The x-component of ¢, increases
monotonically in the visible region. It is the maximum
for all doped materials in a short energy interval
between 1.80 eV and 2.85 eV in the visible region.
These peaks indicate additional electronic transitions in
the low-energy visible region, caused by the doping.
Moreover, the decreased e¢,(w) in the UV region
indicates that the number of overall electronic

transitions reduces. The z-component also shows a
significant decrease in the UV region with increasing
doping concentration, as shown in Figure 5(a). The
average imaginary dielectric response of all materials
is shown in Figure 5(c). The average light response of
all materials shows an overall increase in the imaginary
dielectric function in the visible region and a
corresponding decrease in the UV region after doping.
It is responsible for the light-energy absorption,
dissipation, or attenuation. Hence, the pure SiS;
monolayer is an excellent UV light radiation absorber.
However, it also partially absorbs incident radiation in
the visible region in a noble metal Pt-atom-doped SiS,
monolayer. This visible light absorption can be further
enhanced by increasing the doping concentration. The
pure material exhibits significant energy losses in the
UV region. On the contrary, the doped materials show
additional energy losses in the Vvisible region.
Simultaneously, losses in the UV region decrease after
doping. Hence, the material behaves like a lossy
medium.

The real dielectric functions in the x- and
z-directions are depicted in Figures 5(c) and 5(d),
respectively, with varying frequency of the incident light
field. Its x-component increases smoothly with
increasing incident light energy and attains a global
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maximum value of 5.89 at 4.27 eV for SiS,-Pt@0%,
4.83 at 2.40 eV for SiS,-Pt@3.70%, 5.42 at 2.27 eV for
SiS,-Pt@7.41%, and 575 at 2.07 eV for
SiS,-Pt@11.11%, respectively. Beyond these energies,
there is an overall decreasing trend of €, found along
the x-direction of the light polarization. It is the
maximum for SiS,-Pt@11.11% among all doped
materials in the visible region. Simultaneously, its value
significantly reduces in the UV region for all doped
materials compared to the pure material. It indicates
that the light polarization is improved in all doped
materials in the visible region. However, it decreases in
the UV region compared to the pure material. The
x-component of the real dielectric function crosses
below the zero value and approaches a finite negative
value, indicating the metallic properties of the
corresponding material. This means that the pure and
doped materials are metallic at those energy values or
energy ranges, as shown in Figures 5(d) and 5(e) for x-
and z-components, respectively. The perfect
conducting characteristic is due to the free movement
of electronic charges, which cancel the electric field
within the material. Moreover, a finite negative value of
the real dielectric constant is also observed along the
x-, Figure 5(d), and z, Figure 5(e), polarization
directions. It signifies that the material is polarized in
the opposite direction to the applied field, a feature not
typically associated with naturally occurring materials
[61, 62]. Materials with a negative real dielectric
constant have potential applications in super and
hyper-lenses, optical switches, and other novel
thin-film-based optical components and devices. The
doping has a less overall effect on the z-component.
However, it slightly reduces polarization in the UV
region compared to the pure material, Figure 5(e). For
higher frequencies, it is nearly unity for all materials.
This means that doping has no significant role in higher
energies. The average real dielectric constant is shown
in Figure 5(f). Most importantly, the static real dielectric
constant, €,(0), is a fundamental material property that
describes the material’s polarization to store the
electrical energy. The static real dielectric constant of
SiS,-Pt@0%, SiS,-Pt@3.70%, SiS,-Pt@7.41%, and
SiS,-Pt@11.11% along the x-polarization direction is
3.44, 3.72, 3.91, and 4.10, respectively. However, it is
nearly 2.70 for all materials along the z-polarized axis.
These findings indicate that the doped materials have a
greater ability to be polarized and can store a large
amount of energy in their electric field. Doping
remarkably modifies the dielectric properties in the
visible and UV regions. The energy losses increase
and decrease in the visible and UV regions of the
doped materials, exhibiting enhanced light absorption
and material polarization in the visible region. It
enhances the energy-storage ability of doped materials
for low energies. These findings from the

frequency-dependent dielectric function can be further
correlated with optical parameters, including absorption
and reflection coefficients, refractive index, and the
loss function.

The obtained dielectric functions can be
corroborated with the energy-loss function (ELF), which
can be derived from them. It measures the energy
losses of a wave traveling in the medium. The electron
energy-loss spectrum indicates the interband electronic
transitions in a material. The energy losses can be
determined using electron energy-loss spectroscopy
(EELS), a surface technique, in the light-matter
interactions. It gives insights into how light interacts
with the material. Light-matter interactions can lead to
inelastic scattering of light waves from the material.
This inelastic interaction between electrons in a
material and light is responsible for the energy losses
in the propagation medium. These occur in the
low-energy incident light field and are mainly due to the
excitation of valence electrons to the higher-energy
unoccupied electronic states. These electronic
excitations, from the filled VB to the unoccupied CB,
are accompanied by plasmon oscillations. This leads to
energy losses in a medium. These losses are related to
the dielectric function of the medium. Moreover, the
structural peaks in the dielectric functions correspond
to peaks in the loss function. The energy loss function,
L(w), can be mathematically determined from the
dielectric function as follows[63]:

L(w) = 22 (8)

e} (w)+ed(w)

All the symbols
meanings.

in Eq. (8) have their usual

The loss functions for the pure and doped SiS,
monolayer materials along the x- and z-polarization
directions are depicted in Figure 6. Energy losses in
the visible region are negligible along the z-polarized
light, e.g., doping has no effect on the EEL spectrum
for light polarized in the perpendicular direction. A
significant decrease in energy loss is observed
between 13.0 eV and 15.0 eV in the z-direction, Figure
6(b). This means that the maximum energy losses in
the z-direction are in this energy range in the UV region.
In particular, a sharp peak around 13.49 eV in the pure
material corresponds to losses for higher energies.
With a further increase in the doping concentration, the
peak position shifts slightly and becomes broader. It
indicates that the losses are slow for a range of
energies. The energy loss in the doped SiS, monolayer
increased below 5.0 eV along the x-direction. However,
it was almost zero in the pure material, Figure 6(a).

It corresponds to the plasma peak. Pure material
shows a broad, small plasma peak centered around 5.0
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Figure 6: Electron energy loss, L(w), in the light propagating in the pure and doped SiS2 monolayers along x-(a) and z-(b)
electric field polarization directions, respectively. For color description, refer to Figure 5(d).

eV in the VUV region. Two other sharp peaks in the
EEL spectrum of pure material were observed around
11.72 eV and 13.20 eV. The peak position and
sharpness were reduced significantly in the highly
doped SiS, monolayers. In the high-energy visible
region, the losses increased in the doped material and
were further enhanced with increasing doping
concentration, Figure 6(a). It follows peak positions at
the end of the visible region in the imaginary dielectric
function, Figure (5). The peaks in the EELS correspond
to the energy losses in the medium. It shows that the
material absorbs light at the respective energies. The
larger energy loss corresponds to a smaller light
transmission. Hence, less light penetration into the
propagating medium implies light absorption. The
average loss function is depicted in the inset of Figure
(6). The energy losses in the low-energy region are due
to the collective oscillations.

The e€,(w) governs the light absorption (e.g.,
attenuation of light waves). It is a physical phenomenon
caused by the interaction of light with an absorbing
medium. In light-matter interaction, the incident light is
partially absorbed in the medium (the energy is
transferred to the medium), and the rest is transmitted
or reflected. The coefficient of absorption, a(w),
measures the amount of light absorbed in the medium.
However, the refractive index measures the light
refraction. In other words, it indicates how the
propagating material affects the direction and speed of
light entering a dielectric material. In other words, it is
an optical quantity that measures how a material
responds after interacting with light. It is fundamentally
important to understand the manipulation of light
behavior for different optical applications. It is a
material-dependent optical property; therefore, it is
useful for characterizing and identifying different
materials. The abortion coefficient, a(w) , and
refractive index, n(w), can theoretically be calculated
from the real and imaginary parts of the dielectric

function using the following relations,

a(w) = 2] [T (@) + @) - e, (@)]° 9

n(@) = % [Vel @) + (@) + & ()] (10)

Where the parameters have their usual meaning.
These quantities in pure and Pt-atom-doped SiS,
monolayer are illustrated in Figure 7 along both
polarization directions. As discussed above, the
imaginary part of the dielectric function is responsible
for light absorption. Therefore, the line and shape of
the absorption coefficient are expected to be similar.
Figure 7(a) illustrates the light absorption, specifically
the x-component. All materials exhibit a strong UV light
absorption. Therefore, these are excellent absorbers of
UV radiation. The absorption peaks between 6.0 eV
and 9.0 eV are consistent with those in the imaginary
dielectric function, Figure 5(a). The absorption
coefficient in the z-polarized direction is greater than in
the x-direction. It shows a significant decrease in all the
doped materials in the UV region. As the doping
concentration increases, the UV light absorption
continuously decreases in both polarization directions.
Moreover, the increased doping concentration
significantly enhances light absorption in the visible
region, particularly for violet light. Simultaneously, the
threshold of light absorption shifted towards the lower
energy. These observations align with the estimated
imaginary part of the dielectric function. Besides that,
the absorption spectrum behaves differently along the
x- and z-directions of the light polarization. It signifies
that the absorption spectrum is propagation-
direction-dependent. In other words, it is anisotropic
with respect to light polarization directions. Anisotropic
absorption spectra may arise for several reasons, such
as anisotropic crystal structure caused by the different
arrangements of atoms or molecules along different
directions, the material's structure itself, and the
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Figure 7: Absorption coefficient and refractive index in the pure and doped SiS,; monolayers. (a) and (b) absorption of light along
x- and z-light field polarization directions. (¢) and (d) refractive indices of pure and doped materials along x- and z-light field

polarization directions.

direction of light incidence and orientation of the
material. Anisotropic absorption spectra make these
materials useful for specific optical applications such as
photovoltaics, optical polarization filters, and
polarization-sensitive electronic and optical devices.
The polarization-dependent light absorption in SiS, can
be wused to build on-chip polarizers and
polarization-sensitive photodetectors, which are solely
attributable to its anisotropy that preferentially absorbs
light based on its polarization state. This enables the
creation of filter-free, miniaturized, and highly
integrated devices for applications in optical
communications,  sensing, and imaging. A
polarization-sensitive  photodetector converts the
difference in polarization-dependent absorption directly
into a measurable electrical signal. The device's
response is highest for one polarization and lowest for
the orthogonal polarization, resulting in a high
polarization ratio.

Light waves deviate from their original path when
passing from one medium to another. This
phenomenon is called the refraction (e.g., bending) of
light. This bending of light is due to the different
densities of the two materials. It is the intrinsic property
of a material and is wavelength-dependent. The index
of refraction is known as the refractive index, n(w),
and measures how fast the light travels into the
material. Generally, it is a complex quantity because,

when light passes through a medium, it is partially
absorbed in that medium. The real part is called the
refractive index, and the imaginary part is responsible
for the light extinction (discussed later). The refractive
index is a material- and wavelength-dependent
property of a medium. It also depends on the
polarization directions. The refractive indices of the
materials considered are displayed in Figure 7. The
z-component of the refractive index in the visible region
almost remains the same for all materials, Figure 7(b).
However, it decreases along both polarized directions
with increasing doping concentration in the VUV region.
In the visible region, the x-component increases with
the doping concentration. Also, it increases smoothly
with increasing photon frequency and reaches a
maximum for a highly Pt-doped material. Hence, it
exhibits maximum light polarization in the visible region
and can store a large amount of energy in its electric
field. Most important is its static refractive index, n(0)-
the refractive index at zero photon frequency or a
specific wavelength. The maximum refractive indices of
doped materials in the visible region along the
x-direction are 2.22 at 2.45 eV in SiS,-Pt@3.70%, 2.35
at 2.32 in < SiS,-Pt@7.41%, and 2.43 at 2.10 in
SiS,-Pt@11.11%. However, the refractive index of the
pure material (SiS,-Pt@0%) along the x-direction is a
maximum of 2.48 at 4.32 eV. Moreover, the refractive
indices of SiS,-Pt@0%, SiS,-Pt@3.70%,
SiS,-Pt@7.41%, and SiS,-Pt@11.11% at zero photon
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frequency along the x-direction are 1.85, 1.92, 1.98,
and 2.02, respectively. These are greater and smaller
than sapphire (n~1.77) and zirconia (n~2.15). This
means the static refractive index of pure material
improves significantly after doping and increases with
increasing doping concentration. In other words, the
x-component of the refractive index increases with
increasing doping concentration. Simultaneously, it
shows a decrease in the VUV region with increasing
Pt-concentration. Moreover, these materials have a
refractive index below one in the high-energy region
(>8.0 eV). This means that these materials are useful
for long-distance radio wave communications. Besides
that, the refractive index has a different behavior along
the x- and z-polarization directions. It suggests that
these materials exhibit an anisotropic refractive index.
Hence, these materials are optically anisotropic,
showing their potential in anisotropic optoelectronic
devices.

The light absorption properties of optical materials
can also be estimated from the extinction or attenuation
coefficient. It is the attenuation of electromagnetic
radiation traversing a material medium. It is a
quantitative measure of how light photons interact with
the electrons in a light-absorbing material, thereby
influencing absorption properties. It describes a
decrease in the intensity of electromagnetic radiation

absorption by the atoms or molecules in the absorbing
medium. Alternatively, it is a characteristic property that
describes how strongly a medium absorbs or reflects
the incident light. This property of an absorbing
material is used in different fields of science.
Specifically, it is used to model and manipulate the
propagation direction of light in several media. For
instance, air and water, as well as other condensed
phases of matter.

The calculated extinction coefficient versus the
photon energy is illustrated in Figure 8. On comparing
Figures 8(a) and 8(b), it is noticed that the overall light
extinction is maximum in the UV region along the
z-polarized direction, indicating strong light-matter
interaction. It also signifies the fast light absorption by
electrons and atoms in the absorbing material, leading
to a maximum absorption coefficient for the respective
incident radiation or a particular wavelength of light. In
other words, the energy region corresponding to the
maximum extinction coefficient resembles a maximum
light absorption or attenuation. It follows the observed
imaginary dielectric function, emphasizing its role in
determining the absorption, extinction, or attenuation. A
significant decrease in both components of the
extinction coefficient is observed with increasing
doping concentration in the UV region, as shown in
Figures 8(a) and 8(b). However, the extinction

propagating through a material medium, caused by  coefficient —increases  with increasing  doping
light scattering (a change in the direction of light) or ~ Cconcentration in the visible region. It shows a
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Figure 8: Extinction and transmission coefficients in pure and doped SiS, monolayer materials. (a) and (b) extinction coefficient.

(c) and (d) light transmission coefficient.
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remarkable enhancement in the visible region and
reaches a maximum at an 11.11% Pt-doping
concentration. Its rising edge shifted toward lower
energy as the doping percentage increased from 0% to
11.11%. It supports the observed absorption spectra:
e.g., increased light extinction corresponds to
enhanced light absorption in the medium. These
findings emphasize that the imaginary dielectric
function, absorption spectra, and extinction coefficient
are mutually consistent.

The extinction coefficient indicates the amount of
light absorption or reflection. A higher absorption or
extinction corresponds to the light traveling a shorter
distance in the medium, suggesting that the light
penetrates a lesser distance in the material medium.
Hence, the penetration depth in a material medium is
less. In other words, less light penetration corresponds
to a small light transmission through the material.
Therefore, the rising edges in the extinction coefficient
correspond to the trailing edges in the corresponding
transmission spectra. It emphasizes the increasing
trend of the extinction coefficient, Figures 8(a) and 8(b)
reflect a decreasing trend in the corresponding
transmission spectra, Figures 8(¢c) and 8(d),
respectively. A decrease in the light transmission
indicates the increased light reflection from the
propagating medium. The corresponding reflection
spectrum is depicted in Figure S7 of the Sl. The overall
light transmission (reflection) increased (decreased) in
the UV region. However, the transmission is slightly
decreased in the visible region, with a corresponding
effect on the reflection spectra. The reflection of light
can be further reduced by increasing the doping
concentration, as shown in Figures S7(a) and S7(b).
Hence, the corresponding light transmission increased,
suggesting the reduced light-matter interaction. The
static transmission coefficient is nearly 90% and 95%
along the x- and z-axes. Hence, these are good
candidates for polarized transmission filters in the
low-energy visible and VUV regions.

3.3. Scintillation Properties: Light Yield Estimation

A material or compound that converts radiation
energy into visible light is called a scintillating material.
These materials have a crucial role in all high-energy
radiation detectors. Inorganic scintillating materials and
detectors have various applications in fields such as
imaging and diagnosis, high-energy physics, and
security. Several inorganic scintillating materials and
detectors have been reviewed in refs. [38, 64, 65].
Recently, halide perovskite materials have gained
significant research interest their scintillation properties
[66, 67]. Given the above, scientists have also recently
investigated the family of 2D perovskite materials to
study their properties for ionizing radiation detection
[68]. These studies motivate us to investigate whether

these materials are suitable for detecting ionizing
radiation. Here, it is worth noting that an excellent
scintillating material combines several optical
characteristics, such as a high refractive index and
transmission rate. A good scintillating material also
possesses low reflectivity and a low absorption
coefficient in its emission range. The materials met
these requirements at the ends of the visible and UV
regions, respectively. Therefore, we also estimated the
upper light yield, LYs:, in these materials, which is the
most important property of a scintillator. Materials with
high upper light yield can detect low-energy radiations
(intensities) because they have a high signal-to-noise
(S/N) ratio. It determines the number of emitted
scintillated photons per MeV of radiation energy and
measures its performance [38]. The output light yield
can be estimated using a phenomenological model that
describes a scintillator's performance. A detailed
discussion of the phenomenological model for
estimating the output light yield can be found in the refs.
[69-72]. We calculated the output light yield with the
simplified form of the phenomenological model that
was used to estimate the scintillation performance of
TIMgCl; [43] and Cs,KSnXe(X=Cl, Br, and |) [44], given
below
LY. = $XQ %106 photons/MeV (11)
BEg
Where S indicates the energy transfer efficiency to the
activators, Q is the quantum efficiency, S is a constant
parameter, and E; is the band gap of a scintillating
material. The product BE, is the energy required to
generate an electron-hole (e-h) pair. It is obvious from
Eq. (11) that the output light yield is inversely
proportional to the band gap. Therefore, the light output
yield in a material with a narrow band gap is higher
than in wide band gap materials.

In ionic materials, g is smaller (between 1.5 and
2.0). The high value of g (between 3.0 and 4.0) in
covalent materials causes more energy losses and less
output light yield. The B value was fixed at 2.5
according to theoretical and experimental studies on
several scintillating materials [38]. The energy losses in
scintillators and B values were reviewed by Rodnyi et
al. [71]. Theoretical and experimental studies have
reported B =~ 3 for semiconductors with a band gap
(between 0.7 eV and 3.0 eV) and a wide valence band
[73]. However, it is between 2.0 and 3.0 for materials
with a wide band gap [71]. Due to thermalization, the g
value is higher for semiconductors than for ionic
crystals. It is due to the energy loss that occurs during
the thermalization of electrons and holes in a
semiconductor. However, the electron thermalization is
predominant in the ionic crystals. If it is assumed that
all charge carriers are transferred to the activator (e.g.,
S=1), and the quantum efficiency of the activator is
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Table 5: Output light yield, LY., Estimation in Pure and Doped SiS: Monolayers. It is Expressed in Units of

Photons/MeV

System SiS,-Pt@0% SiS,-Pt@3.70%

SiS.-Pt@7.41% SiS.-Pt@11.11%

LYy 281690 223464

222222 217980

unity (e.g., Q=1). Then, the fundamental limit on the
light output of a scintillator can be solely estimated from
the number of e-h pairs generated in the ionizing track,
and can be expressed as follows [70],

N,_p = Iy photons/MeV (12)
BEg

Where, E, is the energy of the ionization radiation.
According to Eq. (12), a large number of e-h pairs can
be generated in a scintillating material with a small
band gap and vice versa. The scintillating performance
of a few halide-based materials has been studied using
the y —ionizing radiation [43, 44]. Following these
studies, the calculated light yields for the pure and
doped SiS, materials are listed in Table 5.

The reported values represent the upper limit of the
output light yield under ideal conditions, which is
achievable with scintillating materials. The light yield
under ideal conditions is maximum for the pure material
(SiS,-Pt@0%) because its absorption coefficient is
lower than that of the doped materials in the visible and
near UV regions. The decline in light absorption is a
fundamental feature that significantly improves the
overall performance of a scintillator, as high light
absorption leads to increased losses from these
materials. The light yield may be further reduced by
internal reflections in a scintillating material. Due to
these internal reflections, not all charges are reaching
the detector. It leads to a decreased detection of
created scintillating photons (e.g., S < 1). Additionally,
the decrease in the upper limit of output light yield may
be attributed to the presence of trapped electron-hole
pairs at crystal defects or surface states. These
reasons may lead to a decrease in light yield in doped
SiS, materials. The reported value of the output light
yield in these materials is significantly larger than the
estimated value in a wide band gap TIMgCl; material
[43] and smaller than that in a few halide perovskites
[44]. A light yield of 281,690 photons/MeV represents
the scintillating efficiency of the SiS, monolayer in
converting ionizing radiation energy into light. This
numerical value means that approximately 281690
photons of light can be produced from every one MeV
of energy deposited in the material by a particle. Our
estimated light yields for the studied materials indicate
they are excellent scintillators for radiation detection
applications. Hence, the SiS; monolayer may be a
potential candidate for applications such as

high-energy physics, diagnosis, imaging, and security.
Moreover, this is the first study to investigate the
scintillation properties of the SiS, monolayer. A
rigorous experimental study is necessary to validate
these results and investigate the potential mechanisms
for energy losses in these scintillating materials.

4. CONCLUSIONS

This work investigated the optoelectronic properties
of a noble-metal-doped SiS, monolayer using density
functional theory. The scintillation properties of these
materials have also been examined and briefly
discussed. The calculated electronic band structure
and density of states (DOS) reveal the indirect band
gap feature of these materials. The obtained band gap
in the pure SiS, monolayer is nearly 1.42 eV, which
agrees with the reported values. Doping led to a
significant change in its electronic properties. For
example, the band gap in the 3.70% Pt-doped SiS,
monolayer is significantly higher than that of the pure
form. Moreover, increasing the doping concentration
slightly changes its band gap. These findings have
been supported by the calculated DOS in these
materials. The estimated HOMO-LUMO gap is
fundamental in determining the material’'s kinetic
stability and chemical reactivity. It is found that a pure
material possesses high hardness, chemical stability,
and less chemical reactivity. However, the softness of
the material increases with increasing doping
concentration and becomes more chemically reactive.
Noble-metal doping alters the material's electronic
properties, thereby changing its optical response.
Therefore, we reported frequency-dependent dielectric
and optical parameters, including dielectric functions,
absorption and transmission coefficients, index of
refraction, and energy losses. It is observed that doping
significantly enhances light absorption in the visible
region, while it decreases in the ultraviolet (UV) region.
An increased and decreased imaginary dielectric
function in the visible and UV regions, caused by
Pt-doping, is consistent with the observed absorption
spectrum in these materials. The energy losses in a
dielectric material are due to light absorption. The
obtained light absorption is polarization-dependent,
which can be utilized to build on-chip polarizers and
polarization-sensitive photodetectors. This enables the
creation of filter-free, miniaturized, and highly
integrated devices for applications in optical
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communications, sensing, and imaging. Moreover, the
calculated real dielectric function is negative- a feature
not typically associated with naturally occurring
materials, indicating that the material exhibits metallic
characteristics at those energies. Materials with a
negative real dielectric constant have potential
applications in super and hyper-lenses, optical
switches, and other novel thin-flm-based optical
components and devices. Stronger light absorption
corresponds to the maximum in the energy-loss
spectrum, indicating stronger light attenuation in the
corresponding energy range. The refractive index of
the doped materials is enhanced significantly in the
visible region. The obtained static refractive indexes of
SiS,-Pt@0%, SiS,-Pt@3.70%, SiS,-Pt@7.41%, and
SiS,-Pt@11.11% are 1.85, 1.92, 1.98, and 2.02,
respectively. Moreover, the estimated dielectric and
optical quantities exhibit different behavior along
different directions, indicating an anisotropic optical
response in these materials. Hence, these materials
may be useful for realizing anisotropic,
polarization-dependent optoelectronic devices.
Additionally, these materials are exucellent scintillators
for detecting high-energy ionizing radiation. The
estimated output light yield is slightly higher for an
undoped material than for a doped one. The excellent
optoelectronic and scintillating properties indicate that
the thin films of the studied material are potential
candidates for optoelectronic devices and high-energy
physics, including security, imaging, and diagnosis.
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