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Abstract

Zinc blende cadmium sulfide (CdS), a direct bandgap II-VI semiconductor holds immense potential for optoelectronic appli-
cations. However, challenges such as limited light absorption and stability often hinder its performance. This study, employ-
ing density functional theory (DFT) via CASTEDP, investigates the effects of alkaline earth metals doping on the structural,
electronic, and optical properties of CdS. Doping modifies lattice constants and bond lengths, resulting in notable bandgap
enhancements: Mg (1.331 eV), Ca (1.399 eV), and Sr (1.366 eV), attributed to the Burstein—Moss effect. Optical analyses
reveal enhanced dielectric constants, with static values increasing to 5.14 (Mg), 4.88 (Ca), and 4.34 (Sr) compared to 4.56,
the dielectric constant of undoped CdS. Elevated absorption across the UV-visible spectrum and shifts in photoconductivity
peaks to higher energy regions underscore their capacity for superior light interaction. Moreover, photoconductivity and
dielectric loss analyses highlight Mg’s pronounced impact on carrier dynamics. These findings demonstrate that alkaline
earth metal doping effectively tailors CdS for advanced optoelectronic applications, providing a pathway to high-performance
semiconductors in energy and light technologies.

Keywords Cadmium sulfide (CdS) - density functional theory (DFT) - optoelectronic properties - doping effects (Mg, Ca,

Sr) - bandgap engineering

Introduction

The ITI-V and II-VI semiconductor families include widely
studied materials in electronics, optoelectronics, and spin-
tronics.'™ Among these, II-VI semiconductors have gained
attention due to their applications in modern technologies,
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particularly in photonics, light sensing, and device fabrica-
tion. Their relevance spans solar cells, light detection, x-ray
detection, and photovoltaics.5 II-VI semiconductors offer a
broad bandgap range, from infrared to ultraviolet, making
them ideal for optoelectronic and gas sensing applications.
ZnTe, ZnS, and CdTe exhibit wide bandgaps, while HgTe
and HgSe have narrower ones. Zinc blende cadmium sulfide
(CdS) is a significant semiconductor due to its direct band-
gap, stability, and optical transmittance, making it valuable
for solar cells, photodetectors, LEDs, photocatalysis, and
gas sensors.® However, its limited visible light absorption,
poor charge carrier separation, and stability issues hinder its
optoelectronic efficiency.”!® Doping is a promising method
to overcome these limitations by modifying its structural,
electronic, and optical properties.

CdS, an n-type II-VI semiconductor,'! finds applications
in nanotechnology,’ visible light detection, and heterojunc-
tion solar cells.'? It contributes to biosensing devices, >4
photo electroluminescent displays,'> thin-film transistors,'®
gas detectors,'” vacuum UV lenses,18 LEDs,> 1920 photoelec-
trochemical solar cells,?'~23 and photovoltaics.24 CdS exists
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in zinc blende, wurtzite, and rock salt structures, with the
nanocrystalline rock salt phase being particularly stable and
significant for semiconductor physics.>>~2® CdS nanostruc-
tures such as nanodots, nanorods, and nanowires serve roles
in photonic switching, optoelectronics, photovoltaic cells,
biolabeling, and bioimaging.?’**Khan et al. extensively
studied CdS due to its emerging applications.**>!

CdS thin films are synthesized using spray pyrolysis,*
vacuum deposition, electrodeposition, pulse laser deposition,
chemical vapor deposition, thermal evaporation, sputtering,
sol—gel spin coating, and chemical bath deposition.**>
Recent studies have successfully grown low-dimensional
CdS structures. Ashwagq et al.® synthesized pure and (Co-
Sr) co-doped CdS nanostructures using sol—-gel spin coating.
Gandouzi et al.” investigated Zn and (Zn-Ni) co-doped CdS
thin films, revealing hexagonal nanostructures and bandgaps
between 2.30 eV and 2.49 eV. DFT calculations confirmed
an increased bandgap of 2.85 eV and a stable ferromag-
netic state. AL-Jawad et al.*® synthesized Mn-doped CdS
nanoflower thin films using hydrothermal methods. Meysam
et al.’” prepared CdS nanocrystals (10-20 nm) via chemical
bath deposition, while Prabakar et al.*® developed CdS quan-
tum dots on TiO, for improved solar cell efficiency. Studies
have also explored doping with Na, Mg, Ni, Cu, Ag, and Pb,
using various techniques.**~*

Doping influences CdS properties, leading to novel appli-
cations. Anbarsai et al. investigated Pb-doped CdS using
spray techniques, observing red- and blueshifts, increased
optical transparency, and decreased electrical resistivity*.
Khan et al. confirmed similar trends through DFT studies,
indicating enhanced optical absorption and optoelectri-
cal properties for solar cells and photodetectors**. Heiba
et al. synthesized Cdy (Mg 5sS via thermolysis, revealing
two-phase CdS structures. UV-Vis and photoluminescence
studies demonstrated Mg doping effects on bandgaps and
photoluminescence intensities, while DFT calculations
showed non-magnetic behavior®. Feng et al. synthesized
Mg-doped CdS nanorods via solvothermal methods, show-
ing increased bandgaps and improved photocatalytic deg-
radation of RhB.*® Chakraborty et al. developed Ca-doped
CdS nanoparticles with rapid ethanol sensing (1-s response,
500-ppb detection limit), making them suitable for breath
analyzers.?’

Veerathangam et al. used SILAR methods to study Pb-
doped CdS quantum dot solar cells, achieving a high power
conversion efficiency.*? Banerjee et al. examined Pb-doped
nanostructured CdS films using XRD and UV-Vis spectros-
copy.*® Gutiérrez et al. performed chemical bath deposi-
tion of CdS:Pb’* nanocrystals, observing blueshifts and
improved crystallinity.*” Al-Jumaili analyzed PbCdS thin
films using XRD, AFM, SEM, and UV-Vis spectroscopy,
confirming their suitability for photodetectors and solar
cells.”
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Khan et al. noted enhanced optical properties in Na:CdS
thin films prepared by spin coating.* Ertis et al. demon-
strated efficient visible-light photocatalysis in metal-doped
CdS (Ni, Co, Ce, Sb) for methylene blue degradation.s'
Abuhusain et al. explored (Co-Sr) co-doped CdS, revealing
ferromagnetic behavior and redshifts in band structures.®

Theoretical DFT studies on pure CdS have used various
functionals, including LDA, PBE-GGA, and hybrid meth-
ods. Edossa et al.” analyzed CdS optoelectronic properties
in zinc blende and wurtzite phases using LDA,>? PBE,
GGA,>* GGA + U,>® and PBEO hybrid functionals in Quan-
tum Espresso,® finding that PBEO best matched experimen-
tal data. Liu et al. investigated Cu-doped CdS defects using
CASTEP, identitying their influence on ferromagnetic sta-
bility and optical properties.’’ Studies on B, Al, Ga, or In
doping found Fermi level shifts and visible region absorp-
tion peaks.>®

Doping also affects electronic and magnetic properties.
Boudjelal et al. used DFT to study co-doped CdS, identi-
fying ferromagnetic half-semiconductor gaps. °° Sukkabot
analyzed Mn-, Fe-, and Cu-doped CdS using spin-polarized
DFT, noting semiconductor-to-metallic transitions.®® Nabi
examined Mn-doped CdS with Wien2k, confirming these
findings®'.

Despite extensive experimental studies on Pb-doped
CdS, theoretical studies using Wien2K, VASP, or CASTEP
remain limited, particularly for zinc blende CdS. This gap
motivated the present study, which investigates the optical
and electronic properties of undoped and Mg-, Ca-, and Sr-
doped CdS using CASTEP. Using PBE-GGA within DFT,
we calculated the optical absorption, reflectivity, conduc-
tivity, extinction coefficient, refractive index, and dielectric
constant. Additionally, TDOS and PDOS analyses provided
insights into electronic behaviors. Our results align well with
existing literature, contributing to the understanding of Mg-,
Ca-, and Sr-doped CdS for optoelectronic and photoconduc-
tive applications.

Computational Methodology

In this study, first-principles calculations were carried out
using the Cambridge Serial Total Energy Package (CASTEP)
code®? to carry out the electronic band structure, density of
states (DOS), partial density of states (PDOS), and opti-
cal properties of undoped CdS and x: CdS (x = Mg, Ca,
and Sr). Within the framework of density functional theory
(DFT) with the generalized gradient approximation (GGA),
Perdew—Burke—Ernzerhof (PBE) as an exchange—correlation
functional® has been employed. The coupling between ions
and electrons was simulated by ultrasoft pseudopotentials for
Cd, S, Mg, Ca, and Sr atoms. The effect of spin-orbit interac-
tion has been neglected. The valence electron configurations
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of Cd, S, Mg, Ca, and Sr atoms were considered as 44'%55?,
3523p*, 2p®3s?, 3523p%45%, and 45°4pS5s?, respectively.

CdS is a symmetry system possessing the space group
of F43m with a face-centered cubic (FCCQC) structure and
belongs to a member of 216. Four Cd-cations and four
S-anions make up the unit cell. Thus, the CdS crystal can be
characterized as a series of Cd-S double layers stacked along
the a-axis or (100) directions. The lattice parameters are
the second nearest-neighbor distances a = b = ¢ = 5.83 A
and o= =y =90°° and the CdS bond length along the
direction of all the axes is 2.524 A. In order to calculate
all the parameters of the undoped and x:CdS (x = Mg, Ca,
and Sr) 2 x 1 X 1 supercells, the Brillouin zone (BZ) was
sampled employing the plane-wave cut-off energy of 400 eV
and the 5 X 5 X 5 Monkhorst—Pack grid. All the calcula-
tions have been performed in reciprocal space with a careful
convergence criterion to ensure the reliability of the results.
The maximum force was set to 0.05 eV A’l, and maximum
stress was at 0.10 GPa. The total energy was converged to
within 2 X 10~ eV/atom, and the geometry optimization has
been performed with high precision to minimize the error
in the computed results. The computational efficiency was
maximized by employing parallelization strategies on high-
performance computing clusters, allowing for large-scale
calculations on supercells with multiple dopant configura-
tions. We take into account a cell larger than the fundamen-
tal unit in order to analyze the fractional Mg, Ca, or Sr atom
substitution.

The zinc blende phase of CdS was chosen as the host
material, with a2 X 1 X 1 supercell containing 16 atoms (8
Cd and 8 S atoms), as seen in Fig. 1a, b, ¢, and d. To simu-
late the doping effects, one Cd atom in the CdS supercell
is substituted with Mg, Ca, or Sr atoms one after another,
maintaining a fixed dopant concentration to study the impact
on the material’s properties. The doping concentration was
chosen such that it ensures a consistent analysis of the modi-
fications induced by each dopant. All DFT calculations have
been performed using GGA for the exchange—correlation
functional, specifically the PBE functional, which is known
for providing reliable results for semiconductors and transi-
tion metal compounds. The CASTEP module of Materials
Studio has been employed for the DFT simulations due to
its robust performance in electronic structure calculations,
including its support for periodic boundary conditions and
the plane-wave basis set approach.

In addition to the band structure calculations, to explore
the effects of doping on the material’s optical properties,
the real and imaginary parts of the dielectric function have
been computed by evaluating the transition matrix elements
between Kohn—Sham states in the material’s electronic
structure. The refractive index and extinction coefficient
were also calculated. These properties offer valuable insights
into how the material interacts with light, including light

propagation and scattering behaviors. The refractive index
provides information about the material’s ability to bend
light, while the extinction coefficient describes how the
material absorbs light at different wavelengths. The absorp-
tion coefficient has been calculated across a wide photon
energy range, including the ultraviolet and visible regions,
to assess how doping influences the optical absorption char-
acteristics of CdS. This is important for applications in opto-
electronic devices, as it helps to determine whether doping
can enhance light absorption in the desired spectral range.
Reflection spectrum measures the light reflected by a semi-
conductor, revealing optical properties. A drop at the band-
gap indicates absorption, while interband transitions and free
carriers affect reflectance. Photoconductivity is the increase
in a semiconductor's conductivity under light exposure, as
photons generate electron-hole pairs. It depends on bandgap
energy, defects, carrier lifetime, and excitation wavelength,
influencing applications like photodetectors and solar cells.
The electron energy loss function, derived from the real and
imaginary parts of the dielectric function, is used to under-
stand the material’s interaction with high-energy electrons.

In summary, this computational methodology combines
advanced DFT calculations with a carefully constructed
supercell model to explore the effects of Mg, Ca, and Sr
doping on the structural, electronic, and optical properties of
CdS. By utilizing the CASTEP module in Materials Studio,
the study provides a comprehensive analysis of the doping-
induced modifications in CdS, offering insights that can be
used to enhance its performance in optoelectronic applica-
tions such as solar cells, photodetectors, and light-emitting
devices.

Results and Discussion
Geometry Optimization and Structural Properties

The CdS is a zinc blende crystal structure having space
group F43m is a face centered cubic (FCC) structure and
belongs to a member 216 with Cd and S-atomic planes
stacked along [111] direction illustrated in Fig. 1. First, in
order to investigate how impurities influenced the stability of
the structure during the calculation, the structure of pure and
Mg-, Ca-, and Sr-doped CdS 2 X 1 X 1 supercells were opti-
mized. Following geometry optimization, the band structure
and DOS were calculated. Table I lists the computed results
for structural and electronic analysis and demonstrates the
reliability of the computational methods. The obtained lat-
tice constants are observed to be a bit larger than those for
x:CdS (x = Mg, Ca, and Sr).

It is noteworthy that these assumptions differ by between
1% and 3% from the experimental values of lattice con-
stant 5.83 A,M which demonstrates that our calculations are
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(c) (d)

Fig.1 Optimized structures of (a) undoped, (b) Mg-doped CdS, (c) Ca-doped, and (d) Sr-doped CdS 2 X 1 x 1 supercells.
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Table | Structural and electronic parameters of undoped and x:CdS (x = Mg, Ca, and Sr) 2 X 1 X 1 supercells after geometry optimization
Sample’s name  Lattice constants, a (/i) Deviation (%)  Volume (53) Bandgap, E, (eV)  Bond length (fi) Bulk
modulus, K
(GPa)
Cds 5.950°% 5.8, 5.82° 2.05 210.644 1.088%, 1.08° Cd-S 2.567% 2.64"  65.550
Mg:CdS 5.920%, 5.8677¢ 1.54 207.474 1.331%,1.32° Cd-S Mg-S  2.580 35.897
2.484
Ca:CdS 5.994% 2.81 215.352 1.399 Cd-S 2.583 69.515
Ca-S 2.704
Sr:CdS 5.998% 2.88 215.784 1.366 Cd-S 2.571 59.843
Sr-S 2.817

present work. PRef. 64. °Ref. 66. IRef. 45. °Ref. 46. 'Ref. 5.

reasonable.® The calculated bond lengths among Cd, S, Mg,
Ca, and Sr are Cd-S, Mg-S, Ca-S, and Sr-S bond lengths
for pure and x:CdS (x = Mg, Ca, and Sr) are depicted in
Table I which are marginally greater than that of the bulk
CdS 2.524 A.

The valence electron configurations of Cd, Mg, Ca, and
Sr atoms were considered as 4d'%5s2, 2p63s2, 3s23p64s2,
and 45%4p®5s?, respectively. The observed distortion in the
lattice constant and bond lengths of CdS monolayer upon
substituting Cd>* with Mg?*, Ca**, and Sr** atoms may be
attributed to the different ionic radii of the Mg?*, Ca**, and
Sr** jons (0.72 A, 1.00 A, and 1.12 A compared to the Cd**
ion (0.97 /a%).65 Despite this size difference, the incorpora-
tion of Mg, Ca, and Sr atoms leads to notable distortions in
the structure of the CdS monolayer. Consequently, the grain
size tends to first decrease for Mg doping and then increase,
suggesting that Mg, Ca, and Sr have a significant influence
on the grain growth of CdS.®® However, these variations in
grain size can lead to a reduction in the material’s mechani-
cal strength and crystal hardening properties.®® Moreover,
the relaxed cubic structures (shown in Fig. 1a—d) indicate
that the Cd—S bond length remains uniform, which is a result
of the high symmetry within the geometry. Even with the
substitution of Cd by Mg, Ca, and Sr atoms, the 2D configu-
ration of the CdS monolayer is largely preserved, with only
minor distortions observed.

Band Structure and Density of States (DOS)

The total density of states (TDOS) and partial density of
states (PDOS) of undoped CdS and Mg-, Ca-, and Sr-doped
CdS 2 x 1 x 1 supercells have been computed using the
GGA functional approximation without spin-orbit interac-
tion in order to achieve an extensive comprehension of the
electronic structure. Along with the high symmetry lines
G(0.0, 0.0, 0.0), F(0.0, 0.5, 0.0), Q(0.0, 0.5, 0.5), Z(0.0, 0.5,
0.5), and G(0.0, 0.0, 0.0), respectively, in the first Brillouin
zone, the results of electronic band structures are shown in

Fig. 2a—d. The conduction and valence bands are separated
above and below the Fermi level (EF), which was set to zero.
It is confirmed from Figs. 2(a—d) that the conduction band
minimum (CBM) and the valence band maximum (VBM)
are at the same k-point (G—G) indicating that the CdS is a
direct bandgap semiconductor with an energy of 1.088 eV
and is in good agreement based on DFT.*¢ The calculated
bandgap of Mg-doped CdS is 1.331 eV. These values are sig-
nificantly lower than experimental results due to the inherent
limitations of the GGA functional in first-principles calcula-
tions.®” However, the bandgap of Mg-doped CdS is larger
than that of CdS, consistent with experimental findings.*
This suggests that Mg doping effectively widens the bandgap
of CdS. A wider bandgap helps suppress the recombination
of photogenerated carriers, thereby enhancing photocatalytic
performance.

The obtained calculated value is smaller than the experi-
mental value (2.42 eV).*>% It should be noted that the
electronic bandgaps of semiconductors are grossly under-
estimated due to neglect of correlations between excited-
state electrons is a well-known artifact of the traditional
DFT.%%% For undoped CdS, and Mg-, Ca-, and Sr-doped
CdS 2 x 1 x 1 supercells, the lowest and the highest values
of bandgap are obtained at the same (G-G) points. In the
case of a direct bandgap semiconductor, the excitation of
electrons from the VBM to the CBM occurs at the lowest
energy, hence, the bandgap of CdS is taken at the G—G point,
where the excitation of electrons most probably occurred.

From Fig. 2b—d, the corresponding bandgaps of Mg-, Ca-,
and Sr-doped CdS are 1.331 eV, 1.399 eV, and 1.366 eV,
respectively, taken at the G—G point. The investigated band-
gaps of Mg-, Ca-, and Sr-doped CdS are greater than that
of undoped CdS (Fig. 2a). As Mg, Ca, and Sr are doped
into CdS, the impurity energy level, i.e., the acceptor level,
appears below the valence band and the Fermi level shifts
upward into conduction band by 0.243 eV and 0.311 eV, and
0.278, respectively, for Mg-, Ca-, and Sr-doped CdS which
can be related to the Burstein—-Moss (BM) effect.”” In this
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Fig.2 Calculated band structures of (a) undoped, (b) Mg-doped CdS, (c) Ca-doped, and (d) Sr-doped CdS, 2 x 1 X 1 supercells.

case, holes can be excited easily from the impurity level to
the valence band, causing an increase in the impurity carrier
concentrations and enhancement of the conductivity. This
reveals that the p-type CdS can be obtained by Mg, Ca, and
Sr doping and may also achieve a high-quality and more sta-
ble p-type CdS”! with Mg, Ca, and Sr doping content. This
increase in bandgap may occur due to the upward shifting
of the conduction band when Mg, Ca, and Sr are doped into
CdS supercells, called the BM effect. 0899

The electronic distributions of undoped CdS and
x:CdS (Mg, Ca, and Sr) 2 X 1 X 1 supercells in an energy

@ Springer

spectrum are represented in Fig. 3a—d by the TDOS and
PDOS. To elaborate on the atomic contribution to the
band formation, the TDOS has been calculated for all
atoms, and the PDOS for individual atoms, respectively.
From Fig. 3a, it can be seen that the upper valence band
is mainly composed of S-3p states. The lower valence
band consists of a d—p hybridization coupling between
the Cd-4d and S-3p states with small contributions of the
S-3 s states. The conduction band is mainly composed of
S-3p states with a small contributions of Cd-5 s and Cd-4p
states. The upper valence band ranges from — 4.15 eV to
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Fig.3 Total and partial density of states of (a) undoped, (b) Mg-doped CdS, (c) Ca-doped, and (d) Sr-doped CdS, 2 x 1 X 1 supercells.
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the Fermi level, and the lower valence band ranges from
—-8.00eVto—4.15eV.

The domination of S-3p to the valence band is located
at — 1.02 eV. Simultaneously, Cd-4p states contribute
a little to the conduction band, with an energy level of
5.63 eV. The core energy states spread between — 12.00
and — 8.00 eV, which originates only from the S-3 s states
and is not considered in this work as its interaction with
other electronic states is obscure . On the other hand, the
calculated PDOS of the S atom has been dominated by the
S-3 s states far beyond the Fermi level at — 11.48 eV. The
valence band of the S atom is mainly contributed by the
S-3p rather than the S-3 s states. In the conduction band,
the S-3p and Cd-5 s are located above the Fermi level at
an energy of 4.44 eV and make a s—p hybridization cou-
pling between the Cd-5 s and S-3p states, which lie above
the Fermi level. These results are in good agreement with
other reports that have been characterized for pure CdS
using first-principles calculations.*®

The DOS and PDOS of x:CdS (x = Mg, Ca, and Sr)
supercells are shown in Fig. 3b, c, revealing that the core
state relating to Mg-3 s states in Mg-doped CdS, as well
as Ca-4 s states and Sr-5 s states, contribute to the core-
level density of states of Ca- and Sr-doped CdS, respec-
tively. It is clear from Fig. 3b, c that the upper valence
bands are completely dominated by the S-3p states, and
the lower valence bands are occupied by the combination
of the Cd-4d states and impurity atoms (Ca-3p and Sr-4p)
states. At the conduction bands, the impurity peaks mainly
come from the Mg-3 s and Mg-3p, Ca-3d, and Sr-4d states,
shown by the PDOS of the Mg, Ca, and Sr atoms.

The DOS analysis shows that the impurity atoms (Mg,
Ca, Sr) contribute negligibly to states above and below the
Fermi level. This means the dopants do not introduce sig-
nificant defect states that could lead to band tailing (which
usually reduces the bandgap). Instead, they alter the band
edges in a way that results in a larger separation between
the CBM and the VBM. Also, Cd is more electronega-
tive (1.69) than the impurity atom dopants, Mg (1.31),
Ca (1.00), and Sr (0.95). In fact, when Cd is substituted
with these dopants, the Cd—S bond is replaced with Mg-S,
Ca-S, or Sr—S bonds, which are less covalent and more
ionic in nature. This reduces the interaction of the dopant’s
orbitals with the host material, decreasing the contribution
of impurity states near the valence and conduction bands,
effectively widening the bandgap. Also, the ionic radii of
Mg?* (0.72 A) < Ca?* (1.00 A) < Sr2* (1.12 A),% all of
which are larger than Cd* (0.97 /0\).65 As larger atoms
replace Cd, there could be minor lattice distortions, affect-
ing the crystal field and altering the electronic band struc-
ture. In some cases, such distortions reduce the overlap
of atomic orbitals at the band edges, which can increase
the bandgap.
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Optical Properties

The studies of the optical functions help to provide a deeper
understanding of material properties and offer a clear per-
spective on their potential applications in optoelectronic
devices. These functions are useful for investigating the
energy band structure, impurity levels, excitons, localized
defects, lattice vibrations, and certain magnetic excitations.
In our research, we have employed first-principles calcu-
lations based on density functional theory to analyze the
fundamental optical properties of both undoped and doped
x: CdS (x = Mg, Ca, and Sr) crystals. From these spec-
tra the optical constants, the real and imaginary dielectric
constants, €,(w) and €,;(w), refractive index n(®), extinction
coefficient, k(w), absorption coefficient a(w), reflectivity,
R(w), photoconductivity o(w), ands loss function L(w) were
investigated within the DFT framework with the GGA, and
PBE as the exchange—correlation functional.

Dielectric Constants

The dielectric function is the response of the matter to the
electromagnetic waves, which can be described in terms of
time-dependent perturbations of the ground-state electronic
levels. Electrons are excited and transited to the available
unoccupied states due to the interactions of the electrons
in the occupied states with the electric field of the photons.
Spectra of the single electrons and plasmons occurred due to
the optical transitions between the occupied and unoccupied
states. The spectra resulting from these excitations can be
described as a joint DOS between the valence and conduc-
tion bands. Using the electronic band structure, the linear
response of the optical properties of the interested material
can usually be depicted by the complex dielectric function
&/(w), which characterizes the linear response of a material
to electromagnetic radiation and governs the propagation
behavior of radiation in a medium given by’

£(w) = €,(w) + ig;(w) @))]

where, £,(w) and ¢(w) are real and imaginary parts of the
dielectric function, respectively.

Figure 4(a) illustrates the calculated results of real dielec-
tric constants £,(w) for the pure and x:CdS (x = Mg, Ca,
and Sr) 2 X 1 X 1 supercells. The calculated static dielectric
constant £,(0) is obtained at 4.56 for undoped CdS. The &£,(w)
value increases slowly with the photon energy and achieves
its maximum value 6.78 at the photon energy of 2.80 eV.
The calculated static dielectric constants &,(0) for the doped
x:CdS (x = Mg, Ca, and Sr) are obtained as 5.14, 4.88, and
4.34, respectively. The prominent large peaks in the ()
spectrum of x:CdS (x = Mg, Ca, and Sr) are 7.42, 6.95,
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Fig.4 (a) Real €,(w) and (b) imaginary ¢,(w) dielectric constant of undoped and x:CdS 2 X 1 X 1 supercells.

and 6.24, obtained at the corresponding photon energy of
2.95,2.93, and 2.90 eV, respectively, revealing that the static
dielectric constant increases greatly with Mg, Ca, and Sr
doping on the Cd site. The prominent large peaks of x:CdS
(x = Mg, Ca, and Sr) appear at higher energies compared to
pure CdS; however, these peaks are observed to shift towards
lower energy. This shifts in dielectric peaks towards lower
energy upon Mg, Ca, and Sr doping in CdS 2 X 1 X 1 super-
cells may primarily be caused due to the modifications in the
band structure, charge carrier concentration, increased bond
lengths, lattice strain, and polarizability changes.”

The other peaks are obtained around the photon energy
range 4 eV to n5 eV of 4.56 eV. These peaks are originated
from the optical transition of the electrons or holes from the
valence band to the empty conduction band. The first roots
€,(w) of pure and Mg-, Ca-, and Sr-doped CdS occurred at
the energy ranges from 5.50 to 6.65 eV and of 5.70 eV, as
well as the second roots are obtained at the energy ranges
from 9.75 eV to 13.00 eV, respectively. The value of ¢(w)
decreases sharply with increasing the photon energy after
3.00 eV. A valley-like nature is observed around photon
energy ranges from 6.50 to 8.30 eV and the value then slowly
increases to reach the second roots. Physically, the roots of
e(w) are of great importance, as they can actually reveal
plasmon energies where the electromagnetic wave cannot
propagate because the value of €,(w) becomes negative. As
a result, the plasmon energies are roughly at 9.75-13.00 eV.
The calculated values of the real dielectric constants are in
good agreement with the reported results.”

Figure 4(b) presents the calculated imaginary dielectric
constants, £,(w), for the pure and x:CdS (x = Mg, Ca, and

Sr) 2 x 1 x 1 supercells. The imaginary part of the dielectric
function is computed using Fermi’s Golden Rule’>"*:

Z/ d’k

~ bz 2n)°

471’262 ~ 2
- e, kID|v, k|*6(E (k) — E, (k) — ho)

@)
wheree is the elementary charge, m is the electron mass,
 is the photon frequency, ¢ and v denote the conduc-
tion and valence band states, respectively, E, (k) and E, (k)
are the energy eigenvalues of conduction and valence
bands at wavevector k, ¥ is the velocity operator, and
) (Ec(k) —E (k) — hco) ensures that transitions occur at the
correct energy difference.

The imaginary part of the dielectric function, (), rep-
resents the material’s ability to absorb electromagnetic radi-
ation at different photon energies 2. It is directly related to
interband electronic transitions, where photons excite elec-
trons from occupied states in the valence band to unoccupied
states in the conduction band. For pure and x:CdS (x = Mg,
Ca, Sr) 2 x 1 x 1 supercells, the presence of large peaks
around 5.7 eV in g,;(w) suggests that significant electronic
transitions occur at this energy. These peaks correspond to
the fundamental absorption edge and higher energy inter-
band transitions. The high peaks indicate strong absorption,
useful in optoelectronic applications such as photovoltaics
and photodetectors’”. The variation of &,(w) with doping
of Mg, Ca, and Sr can be attributed to changes in the elec-
tronic structure, such as bandgap modification and DOS near
the Fermi level. The imaginary part also contributes to the
energy dissipation in dielectric materials, affecting their per-
formance in optical and electronic devices.

g/(w) =

@ Springer



6694

M. Rahman et al.

The absorption coefficient a(w) is directly related to €;(®)
by’
w
cn(w)

a(w) =

€/(®) 3)

where c is the speed of light, and n(w) is the refractive index
of the material.

Refractive Index and Extinction Coefficient

The refractive index n(w) describes how light propagates
through a material and depends on the material’s dielec-
tric function. The behavior of n(w) for undoped and x:CdS
(x = Mg, Ca, Sr) 2 x 1 X 1 supercells are depicted in
Fig. 5a. They are similar that of dielectric constants which
can be obtained by the root of the dielectric constants,
n(w) = \/5(60).72 The relationship between refractive index
and dielectric function follows’?:

1/2
n(w) = é [\ [ €2(@) + 5%(60) + 5,(60)] 4)

The energy dependence of n(w) follows from the Kram-
ers—Kronig relationship, linking the real and imaginary parts
of the dielectric function’”:

2 e (o)

e(w=1+=Pf = do’ )
T 0w

— 2

The peaks in the refractive index near 3.0 eV correspond
to strong optical transitions due to interband electronic exci-
tations, which likely corresponds to electronic excitations

Extinction Coefficient, x«(w)
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from deeper valence band states to conduction band states.
It results from higher order interband transitions, excitonic
effects, or doping-induced modifications in the electronic
structure which suggests that significant light absorption and
electron transitions occur in this region.

The dip or valley in the refractive index spectrum
at ~ 9.5 eV indicates a reduced optical response, meaning
that the material is less capable of interacting with light
at this energy. This typically happens when the real part
of the dielectric function ¢,(w) changes sign or has a local
minimum, leading to a lower refractive index. This can be
applicable in photodetectors, solar cells, and LEDs, where
a high refractive index at visible frequencies enhances light
absorption and energy conversion efficiency, as well as for
engineering materials with tailored optical responses.’®

The extinction coefficient k(w) is a fundamental opti-
cal property of a material that describes how much light is
absorbed when it propagates through the material. It is part

of the complex refractive index”*:

n(w) = n(w) + ik(w) 6)

This can also be written as’>:

1/2
k@) = é [\/ez(a» +E(w) - er(w>] ™

It is observed from Fig. 5b that the large peaks in k()
between 6.16 eV and 7.86 eV, which lie in the UV region,
suggest that electrons are excited from the valence band to
the conduction band, which means that the material strongly
absorbs light at that frequency w. At higher photon energies of
15 eV and beyond, the absorption decreases, which may due to
the transition saturation as the available electrons have already
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Fig.5 (a) Refractive index n(w) and (b) extinction coefficient k(w) of undoped and x:CdS 2 x 1 X 1 supercells.
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transitioned to higher states as well as reduced DOS. The elec-
tronic band structure may not support significant transitions at
these energies. However, beyond 15 eV, the lower k(@) reveals
that the material is more transparent to that frequency.

Absorption Coefficient and Reflectivity

The absorption coefficient is crucial in determining the optical
performance of CdS and doped CdS for various applications
such as solar cells and photovoltaics, optoelectronic devices,
transparent conductors.”’ High absorption in the UV-visible
region improves the light-harvesting efficiency. This is defined
as the fraction of the power absorbed in a unit length of the
medium. If the beam is propagating in the x—direction, and
the intensity (optical power per unit area) at position x is 1(x),
then the decrease of the intensity in an incremental slice of
thickness dx is given by’?:
dl = —adx X I(x) (8)

The intensity of the electromagnetic radiation is directly
related to the absorption coefficient a(w), which describes how

the intensity of light decreases as it travels a distance,’”:
I(x) = I[je™™ (&)
where [ is the optical intensity at x = 0.
This can be integrated to obtain Beer’s law,”>7%:
4rk(o
a() = 2 (10)

where A is the wavelength of light in vacuum.
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The absorption coefficient is generally given by the equa-
tion. Alternatively, in terms of the imaginary part of the
dielectric function ,(a))n:

1/2
a(w) = a)\/z[\ [€2(@) + £?(a)) - £,(w)]

The a(w) describes how much light is absorbed by a
material as a function of photon energy frequency (). It
provides insights into the electronic transitions and optical
properties of a material. Figure 6(a) displays the absorption
coefficient, a(w), of undoped CdS and x:CdS (x = Mg, Ca,
and Sr). A peak is seen close to the bandgap value, indicat-
ing the nature of direct optical transitions. It is observed that,
when Mg, Ca, and Sr are introduced into the CdS 2 X 1 x 1
supercell, the absorption peaks increase in intensity and shift
toward higher energy values. This shift is due to bandgap
widening caused by the doping elements, as they modify
the electronic structure of CdS. The large peaks observed
around 6.42-8.17 eV correspond to strong interband transi-
tions, indicating high optical absorption at these energies.
This signifies that the material strongly absorbs light at that
particular energy causes electronic transitions from the
valence band to the conduction band. The absorption sharply
decreases in the range of 13.80-15.90 eV, indicating that
the material becomes more transparent in this region. The
material then exhibits a transition from a strongly absorbing
region to a more transparent one.

Reflectivity plays a vital role in analyzing the optical
properties of semiconductors. High reflectivity in a specific
energy range means that the material can reflect incident
light efficiently, which is important for optical coatings,
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Fig.6 (a) Absorption co-efficient a(w) and reflectivity R(w) of undoped and x:CdS 2 x 1 x 1 supercells.
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photodetectors, and optoelectronic devices.” The reflectiv-
ity spectrum R(w) provides insights into the optical response
of materials as a function of frequency (o).

The useful relationship connecting reflectivity and extinc-
tion coefficient,”?:

n(w) — 1
n(w) + 1

@ - 1+
(n(w) + 1}* + k2

R(w) =

12)

Figure 6b represents the reflectivity spectrum, R(w), of
undoped CdS and x:CdS (x = Mg, Ca, and Sr) 2 X 1 X 1
supercells. Increases in reflectivity peaks with doping are
observed due to the introduction of Mg, Ca, and Sr into
the CdS, showing that they enhance the reflectivity peaks,
indicating stronger optical response in the UV range. This
enhancement occurs due to changes in the electronic struc-
ture and dielectric function of the material. However, the
peaks are observed to shift towards the higher energy sug-
gesting a bandgap widening, which is a typical consequence
of semiconductor doping. The increased bandgap results
from the modification of the electronic states due to the
substitution of Cd with Mg, Ca, and Sr. The highest peaks
occurring around 9.5 eV indicate a strong interaction of inci-
dent photons with the material, leading to high reflectiv-
ity, corresponding to interband transitions, where electrons
move from the valence band to the conduction band. Addi-
tionally, the spectrum is found to decrease sharply at around
14.5-20 eV. This drop-in reflectivity at higher photon ener-
gies suggests that the material starts absorbing more light
instead of reflecting it. This could be due to increased elec-
tronic excitations that allow photons to penetrate rather than
be reflected. These suggest that doping of CdS with Mg,
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Ca, and Sr modifies the reflectivity properties, potentially
improving optoelectronic properties as well as enhancing
the optical performance for UV and deep-UV applications,
and may be recommended for the use in solar cells, LEDs,
and photodetectors.”**

Photoconductivity and Loss Function

Photoconductivity o(w) represents the material’s response
to incident light, where photons excite electrons from the
valence band to the conduction band, leading to an increase
in electrical conductivity. The changes in photoconductivity
due to doping affect carrier recombination rates and mobil-
ity, which is crucial for designing high-performance elec-
tronic and optoelectronic devices. The photoconductivity
is directly proportional to the absorption component of the

dielectric function’>8:
we e (W
o(w) = —‘;;( ) (13)

where g is the permittivity of free space.
Also, we can calculate the optical conductivity using

o(w) = ane

(14)

The optical conductivity, o(w), of undoped CdS and
x:CdS (x = Mg, Ca, Sr) is displayed in Fig. 7a. The observed
behavior of the photoconductivity peaks in CdS 2 X 1 x 1
supercells with Mg, Ca, and Sr doping can be understood
as follows. The photoconductivity starts rising around
the bandgap energy because photons with energy equal
to or greater than the bandgap excite electrons across the
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Fig. 7 (a) Photoconductivity o(®) and (b) loss function L(w) of undoped and x:CdS 2 X 1 X 1 supercells.
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gap. When CdS is doped with Mg, Ca, or Sr, the bandgap
changed slightly due to modifications in the electronic struc-
ture, shifting the photoconductivity onset slightly, indicating
that dopant atoms influence the material’s absorption edge
and carrier excitation.

A high photoconductivity peaks around the electromag-
netic energy range of 5.50-6.05 eV, which suggests strong
optical transitions between electronic states. These peaks
correspond to interband transitions where electrons are
excited to available higher conduction band states, leading
to significant charge carrier generation. The sharp decrease
of the photoconductivity spectrum at high energy ~ 9.70
eV suggests that the density of available electronic states
reduces beyond this energy. This may occur due to the
strong absorption leading to reduced free carrier movement
at higher photon energies. It might also be associated with
the onset of core electron excitations, where conduction
band transitions become less dominant. Due to its strong
photoconductive response in the visible and UV regions,
CdS doping with Mg, Ca, or Sr has tailored the bandgap and
carrier dynamics, improving efficiency, and proposing the
usefulness of these compounds in optoelectronic applica-
tions such as photodetectors and solar cells.**%

The dielectric loss function L(w) describes the energy dis-
sipation in a material when subjected to an oscillating elec-
tric field. It provides insights into how a material interacts
with electromagnetic waves and is crucial for understand-
ing optical and plasmonic properties. It is vital in analyzing
plasmonic excitations, which are essential in optoelectronic
and photonic applications. The dielectric loss function L(w)
is directly related to the dielectric constant (or complex die-
lectric function), which consists of a real part €,(w) and an
imaginary part £, (w)*>"*:

L) = m—L = 1@
@) (w)+ & (w)

s)

Plasmon frequencies correspond to the condition where
the real part of the dielectric function €,(w) approaches zero
while &;(w) remains small’*:

e.(@,) ~ 0 (16)

At the frequency w,, the material exhibits a strong col-
lective oscillation of charge carriers, leading to a peak in
L(w). The plasmon frequency depends on the free carrier
concentration and is influenced by doping. The peaks in L(w)
are associated with plasmon resonances, which occur when
the collective oscillations of free or bound charge carriers
interact strongly with incident radiation.

Figure 7b show the dielectric loss function L(w) of
undoped CdS and x:CdS (x = Mg, Ca, Sr). For the CdS
2 x 1 x 1 supercell, the observed dielectric loss peaks are
obtained 10.07, 14.92, 12.15, and 9.73 eV for pure and Mg-,

Ca-, and Sr-doped CdS, respectively. This reveals that the
doping modifies the electronic band structure, shifting the
energy levels involved in plasmonic excitations. Different
dopants contribute different numbers of free carriers, affect-
ing the plasmon frequency. Mg, Ca, and Sr have different
atomic sizes and electronegativities, leading to variations in
the dielectric response. The introduction of dopants induces
local lattice distortions, affecting charge carrier dynamics
and modifying optical properties.®'Mg introduces a more
significant shift in the conduction band states, leading to a
stronger plasmonic resonance at 14.92 eV. The other dopants
(Ca, Sr) induce moderate shifts, leading to peaks at lower
energies.®!

Conclusions

This study presents a detailed computational analysis of the
effects of Mg, Ca, and Sr doping on the structural, electronic,
and optical properties of CdS using DFT-based CASTEP
calculations. The findings reveal that substituting Cd with
these alkaline earth metals introduces significant modifica-
tions in the lattice structure, electronic bandgap, and optical
behavior, thereby enhancing the material’s optoelectronic
performance.

Structural analysis indicates that doping alters the lattice
parameters and bond lengths, with Sr incorporation causing
the largest expansion due to its larger ionic radius. These
structural changes influence the electronic properties, as
evidenced by the band structure calculations. The results
confirm that all three dopants contribute to bandgap widen-
ing, a consequence of the Burstein—Moss effect, with Ca
doping yielding the most pronounced increase. The increase
in the bandgap of Mg-, Ca-, and Sr-doped CdS is primarily
due to reduced covalency, minimal impurity states near the
Fermi level, changes in the bond nature, and slight lattice
distortions. The absence of significant defect states prevents
bandgap narrowing, leading to a net widening of the band-
gap. This widening improves charge carrier mobility and
reduces electron—hole recombination, making the doped
CdS a more efficient material for high-performance opto-
electronic applications.

The optical property analysis further validates the poten-
tial of doping in optimizing CdS. The dielectric function
results show that doping enhances the material’s ability to
interact with light, leading to increased absorption in the
ultraviolet-visible range. The refractive index and extinction
coefficient calculations indicate that Mg, Ca, and Sr dop-
ing improve light propagation and absorption, crucial for
photovoltaic and photodetector applications. Additionally,
photoconductivity analysis reveals that Mg doping signifi-
cantly enhances carrier generation, suggesting its suitability
for devices requiring high photoconductive responses.
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The dielectric loss function provides crucial insights
into the optical and plasmonic properties of doped CdS.
The observed deviations in peak positions arise due to elec-
tronic structure modifications, carrier density variations, and
lattice distortions induced by dopants. Mg doping signifi-
cantly enhances the loss function peak, suggesting a stronger
plasmonic response, whereas Sr-doped CdS exhibits a lower
energy peak due to its electronic influence on the material.

A key finding is that different dopants exhibit distinct
advantages: Ca doping leads to the most substantial band-
gap increase, Sr doping maintains balanced electronic and
optical improvements, while Mg doping enhances photo-
conductivity. These insights suggest that doping CdS with
alkaline earth metals can be a viable strategy for optimizing
its optoelectronic properties.

Overall, this study provides a theoretical foundation for
experimental research on doped CdS materials. Future work
could focus on co-doping strategies, defect engineering, and
optimizing doping concentrations to further enhance CdS’s
performance for real-world applications, including solar
cells, LEDs, and photodetectors. The insights gained from
this study contribute to the advancement of CdS-based semi-
conductors for next-generation optoelectronic devices.
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