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Abstract: Cadmium-tin-oxide (CTO), also referred to as cadmium stannate (Cd2SnO4), is
known for its interesting electrical, electronic, and optical properties, making it useful in
various applications such as in transparent conducting oxides for optoelectronic devices
and also in photovoltaic applications. While its properties have been investigated exper-
imentally, there is not much record in the literature on the computational study of the
electronic and optical properties of CTO. This study employed density functional theory to
explore the two properties of CTO. The hybrid functionals were used to widen the band
gap from 0.381 eV (for PBE) to 3.13 eV, which replicates the experimental values very well.
The other properties obtained were a refractive index of 2.53, absorption coefficient of
1.43 × 104 cm−1, and dielectric constant of 6.401 eV. The optical energy loss of 0.00691 that
was investigated for the first time in this work adds to the literature on the properties of
CTO. However, the electrical properties of CTO, which also play a key role in the working
of optoelectronic devices, need to be investigated.

Keywords: cadmium stannate; absorption coefficient of cadmium-tin-oxide; band gap of
cadmium-tin-oxide; dielectric constant of cadmium-tin-oxide; refractive index of cadmium-
tin-oxide; band structure of cadmium-tin-oxide

1. Introduction
Cadmium-tin-oxide (CTO) is widely used in numerous applications as a transparent

conducting oxide (TCO), especially in electronics and optoelectronics [1–3]. It is a useful
material for applications requiring low resistivities and high electron mobility due to its
low resistivity, high electron and hole mobilities, and low free-carrier absorption. More-
over, it conducts electricity while remaining transparent, a property which qualifies it for
applications where both optical transparency and electrical conductivity are crucial.

CTO is now mostly utilized in thin-film solar cells, often as a transparent conducting
layer that aids in the collection and transfer of electrical charge; in the manufacturing
of liquid crystal displays and other flat panel displays; in the production of transparent
conductive films for electronic device touchscreens; and in light-emitting diodes (where it
can be employed as a transparent electrode) [4]. The desirable properties of CTO include its
high electrical conductivity of up to 6500 Ω−1 cm−1, optical transparency (due to its wide
bandgap of approximately 3 eV), high absorption coefficient of above 2 × 104 cm−1, and
high transmittance to visible light of above 80% in the visible spectral wavelength (which
make these applications possible) [5–7].

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the two
most popular methods for depositing thin films of CTO. In both processes, volatile precur-
sors undergo chemical reactions to create a solid CTO on the substrate’s surface. In order
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to promote the reaction and thin-film deposition, the substrate is usually heated. Examples
of CVD methods include spray pyrolysis [6,8], sol-gel, and chemical co-precipitation [9].
In contrast, PVD is a thin film deposition method in which a material is evaporated in a
vacuum before condensing into a thin film onto a substrate. The process takes place in a
vacuum chamber in order to reduce interference from the surrounding atmosphere. PVD is
widely used for applications requiring thin films with specific properties such as improved
hardness, wear resistance, and optical properties. The PVD methods include evapora-
tion, ion plating, and sputtering (magnetron sputtering and radio frequency magnetron
sputtering) [10,11].

The literature shows that although the thermodynamics as well as the mechanics of
CTO have been extensively investigated by ab initio methods [12,13], its electronic and
optical properties have mainly been investigated using experimental methods through
the deposition of the films of the material on glass (normal microscope, borosilicate, and
Corning) as a substrate [14,15]. A recent computational study that investigated the electrical
properties of CTO employed the VASP package and the GGA + U method [16]. The current
work examined the optical and electronic properties of CTO using a different method as well
as a different functional (the Quantum Espresso package and the Heyd-Scuseria-Ernzerhof
(HSE) functional), primarily attempting to compare the computed values with published
experimental values. Moreover, this study attempted to calculate the optical energy loss
for the first time, with the aim of enriching the current literature on the properties of CTO.
The main shortcoming of the ab initio calculations of underestimating the bandgap was
addressed by employing the HSE hybrid functional.

2. Results and Discussion
2.1. Structural Properties

Before presenting the electronic and optical properties of CTO, its structural properties
were first investigated in order to determine the relaxed unit cell parameters. Structural
properties refer to the characteristics and attributes of a material or system that describe its
physical arrangement, organization, and behavior at the atomic, molecular, or macroscopic
levels [17]. Table 1 presents the computed lattice constants, the density of CTO, as well as a
comparison with some literature values. It was discovered that there is excellent agreement
between the computed values of the lattice parameters and the density of CTO and the
experimental values reported in the literature.

Table 1. The estimated density and lattice constants of cadmium-tin-oxide.

Parameter a (Å) b (Å) c (Å) ρ kg/m3

This work 5.57 ± 0.06 9.9 ± 0.1 3.21 ± 0.02 7632.6 ± 8
Others 5.568 [18], 5.568 [19] 9.894 [18], 9.895 [19] 3.193 [18], 3.194 [19] 7680.52 [20]

All the calculated lattice parameter values were found to be less than 1% of the
literature values, although the known trend of the overestimation of the lattice parameters
by the generalized gradient approximation (GGA) was witnessed. A lower density of
0.6239% compared to the result from the study by Troemel [20] was obtained, which can be
attributed to the higher lattice parameters computed in this work.

2.2. Electronic Properties

Important details regarding the distribution of electrons within a material and their
behavior when exposed to external stimuli, like an electric field, can be found in the band
structure [21]. The band structure, PDOS, and TDOS of CTO are shown in Figure 1a, which
shows that both the conduction band maximum (CBM) and the valence band maximum
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(VBM) are located at the Y point. Thus, a direct band gap of CTO is observed at the Y-Y point
in this study. A computational study of orthorhombic CTO by Tang et al. [16] also reported
a direct band gap of CTO, but at the Γ point. However, unlike earlier studies on the band
structure of CTO (both experimental and computational) that have obtained band gaps of
between 2.6 and 3.81 eV [22–24], the calculated value in this study using the PBE functional
is just 0.381 eV, which is way too low. This is a known trend of the local and semilocal
exchange correlation (XC) functionals that seriously underestimate the band gap [25,26].
The inclusion of the GGA-HSE hybrid XC functional improved the value of the band gap
tremendously (Table 2), leading to a value comparable to the experimental values in the
literature [22–24], presenting 16.04% above the value reported by Ravera and Sharma [22]
and 21.61% above the maximum value obtained by Zhu et al. [24]. The computed HSE
band gap is very close (2.14%) to the maximum value reported by Lakshmi et al. [23]. The
study by Ravera and Sharma [22] used dip coating as the method of deposition, while the
band gap measurement was determined using the Van der Pauw technique. In the study
by Lakshmi et al. [23], chemical vapor deposition was employed, and the band gap was
determined using the Tauc relation; while Zhu et al. [24] used sputtering to deposit the thin
films of CTO, and the band gap was determined using the Tauc relation. Hybrid functionals
improve the prediction of band gaps by incorporating a fraction of Hartree–Fock exchange
energy, which helps to better capture electron correlation effects, reduce self-interaction
errors, and improve the description of delocalized electrons and excited states.
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Figure 1. The electronic properties of cadmium-tin-oxide showing (a) the band structure and (b) the 
density of states. 

 

Figure 2. Density of states of cadmium-tin-oxide: (a) projected DOS, and (b) Effective DOS. 

The density of states (DOS) is a fundamental property that influences various elec-
tronic and optical properties of materials. Figure 1b depicts the overall DOS for CTO cal-
culated using the normal PBE functional, which clearly indicates that the VB is dominated 
by the O-states, while the Cd and Sn states make minimal contributions. The CB, however, 
is dominated by an overlap of the Cd and O states, with Sn having a small contribution. 
Since the VB maximum and CB minimum involve the same momentum, efficient optical 
transitions occur, which is important in optoelectronics. Figure 2a, which depicts the par-
tial DOS (PDOS) of CTO, shows that the VB is made up of the O-p, O-s, Sn-d, and Cd-d 
states. The O-s and Sn-d states are located deeper in the VB, giving rise to features at 
around −17 eV and −21 eV, respectively. The sharp feature observed at around −7 eV is 
contributed mainly by the Cd-d orbital, with very minimal contribution from the O-p or-
bital. 

Figure 2a,b demonstrate that the O-s states dominate the VB edge, with the remaining 
states contributing very little. On the other hand, the CB’s orbital contribution is not 
clearly dominant. However, as can be seen in both Figure 2a and the zoomed-in portion 
of Figure 2b, the Cd-p and Sn-p states are located deep within the CB, whilst the O-p, Cd-
s, and Sn-s states dominate the CB edge. The Cd-p and Sn-p states deep within the CB 
overlap, as do the O-p, Cd-s, and Sn-s states at the CB edge. The curvature of the bands 
(which relates to the effective mass of carriers) depends on the dominant states. The highly 
delocalized states (the s-orbitals) observed in this study show low effective mass and 
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Figure 1. The electronic properties of cadmium-tin-oxide showing (a) the band structure and (b) the
density of states.

However, it is worthwhile to note that the fraction of exact exchange included in
the HSE functional (commonly 25%) is semi-empirical. While this value works well for
many materials, it might not be optimal for all systems, leading to inaccuracies in band
gap prediction for certain materials, especially those with unusual electronic properties.
Moreover, HSE struggles with systems where the electronic states are highly localized
or exhibit strong correlation effects (such as transition metal oxides, lanthanides, and
actinides), in addition to being significantly more computationally expensive [27]. The
computed band gap obtained in this study also compares well with the value reported by
Tang, Shang, and Zhang [16] at 3.0 eV, with the deviation being attributed to the different
computational techniques used. The study by Tang, Shang, and Zhang employed the VASP
package with GGA + U, while the present study used Quantum Espresso (version 6.4.1), with
HSE. The position of the Fermi energy level (EF) shown in Figures 1 and 2 was obtained
from the non-consistent field (nscf) calculation.
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Figure 2. Density of states of cadmium-tin-oxide: (a) Projected DOS, and (b) Effective DOS.

Table 2. The calculated cadmium-tin-oxide band gap, dielectric constant, refractive index, absorption
coefficient, and optical energy loss, together with some values in the literature.

Constant Eg (eV) ε (eV) n α (×104 cm−1) L (ω)

This study 0.381 ± 0.003-GGA
3.13 ± 0.03-HSE 6.40 ± 0.06 2.53 ± 0.02 1.43 ± 0.01 0.00691

Others 2.7 [22], 2.6–3.2 [23],
3.75–3.81 [24] ______ 2.6 [28],

2.108–3.542 [6] 1.399 [6] _______

The density of states (DOS) is a fundamental property that influences various electronic
and optical properties of materials. Figure 1b depicts the overall DOS for CTO calculated
using the normal PBE functional, which clearly indicates that the VB is dominated by the
O-states, while the Cd and Sn states make minimal contributions. The CB, however, is
dominated by an overlap of the Cd and O states, with Sn having a small contribution.
Since the VB maximum and CB minimum involve the same momentum, efficient optical
transitions occur, which is important in optoelectronics. Figure 2a, which depicts the partial
DOS (PDOS) of CTO, shows that the VB is made up of the O-p, O-s, Sn-d, and Cd-d states.
The O-s and Sn-d states are located deeper in the VB, giving rise to features at around
−17 eV and −21 eV, respectively. The sharp feature observed at around −7 eV is contributed
mainly by the Cd-d orbital, with very minimal contribution from the O-p orbital.

Figure 2a,b demonstrate that the O-s states dominate the VB edge, with the remaining
states contributing very little. On the other hand, the CB’s orbital contribution is not
clearly dominant. However, as can be seen in both Figure 2a and the zoomed-in portion
of Figure 2b, the Cd-p and Sn-p states are located deep within the CB, whilst the O-p,
Cd-s, and Sn-s states dominate the CB edge. The Cd-p and Sn-p states deep within the
CB overlap, as do the O-p, Cd-s, and Sn-s states at the CB edge. The curvature of the
bands (which relates to the effective mass of carriers) depends on the dominant states. The
highly delocalized states (the s-orbitals) observed in this study show low effective mass and
therefore, high mobility. Moreover, the nature of the dominant states affects the material’s
tolerance to defects and impurities. If the VB or CB is dominated by states with significant
overlap (delocalized), the material tends to be more defect-tolerant. Thus, since there are
overlaps in the Cd-p and Sn-p states as well as the O-p, Cd-s, and Sn-s states, CTO is more
defect-tolerant, making it more resilient to disruptions that would typically degrade its
performance, such as point defects, vacancies, interstitials, or grain boundaries. The flat
bands located deep within the VB are mostly caused by non-bonding Sn-s orbitals (with
little overlap).
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2.3. Optical Properties

A material’s optical properties can be inferred from its dielectric function (which is
linked to its electrical structure). It is especially crucial for comprehending how materi-
als respond to light [29]. The dielectric function, depicted in Figure 3, has many peaks
associated with band-to-band transitions. The figures show that the imaginary part of the
dielectric constant has a peak at and an energy of 1.5 eV and then dies off thereafter, which
is in contrast to the result reported by Tang et al. [16], which showed a general increase with
the increase in the energy. The disparity between the two curves can be attributed to the
different computational methods employed. Tang et al. used PAW pseudopotentials within
the VASP package, while this study used PBE pseudopotentials within the Quantum Espresso
package (version 6.4.1). As energy increases, the dielectric function’s peaks disappear, and
this is a characteristic feature observed in many materials, which is often associated with
electronic transitions within the material. The effect of the disappearance of the peak of the
dielectric function with energy is responsible for the phenomenon whereby higher energy
levels are involved in transitions that may become likely or occur less frequently with the
increase in the energy of the incoming light. Furthermore, the energy of the scattered or
absorbed photon must equal the energy needed for the electronic transition due to the
principle of conservation of energy. At higher energies, there may be fewer electronic states
available for absorption, leading to a reduction in the intensity of absorption peaks, which
is evident in Figure 3 at frequencies above 5 eV. Materials often exhibit multiple electronic
processes contributing to the dielectric function. At higher energies, additional electronic
processes may come into play, leading to the redistribution of the overall spectral intensity.
The effect can also be brought about by the bandwidth effects. At higher energies, electronic
transitions tend to have broader bandwidths, resulting in peaks that are less sharp and
more spread-out [30].
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Two major peaks are observed in Figure 3 at 1.64 eV and 4.76 eV for the real part of the
dielectric function and at 1.51 eV and 4.63 eV for the imaginary part, both of which show
an energy difference of 3.12 eV, which implies the occurrence of electronic transition at
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this energy. The important part of the dielectric function is the static dielectric constant (ε),
which depends on the bandgap energy, and is equal to the square of the refractive index (n).
ε is obtained at the origin of the dielectric function, and its extracted value for CTO is shown
in Table 2, which is within the range for semiconductors at 3–35 [31]. ε is a fundamental
property of materials that describes their ability to store electrical energy in an electric
field. Materials with higher dielectric constants offer significant advantages in terms of
increased capacitance, energy storage capacity, signal integrity, insulation, and tunability,
making them essential components in a wide range of electronic, electrical, and optical
devices and systems. Since the dielectric constant of CTO at 6.401 is considered low for
semiconductors, it implies that CTO is not ideal for the applications mentioned above. This
value is, however, comparable to that of the cubic CTO (CdSnO3) at 4.62 [32] and indium
tin oxide (ITO, one of the commonly used transparent conducting oxides in touchscreens
(smartphones and tablets), flat-panel displays (LCD, OLED, and plasma screens), and solar
cells (as transparent electrodes in photovoltaic devices), which has a value of 8.7 [33].

The refractive index indicates how light travels through a material. It is critical in the
design of optical components such as lenses, prisms, and fibers [34,35]. In Figure 4, it can
be observed that the refractive index decreases as the energy increases. This is a common
phenomenon in many materials, especially the transparent ones, where the refractive index
is wavelength-dependent, and has also been observed in previous studies [6,22]. The
behavior is known as normal or positive dispersion, and it can be brought about by a
number of factors, including electronic resonances, energy level transitions, and material
absorption bands. At higher energies of ultraviolet and beyond, the electronic resonances
and transitions within the material may result in a decrease in the refractive index, which is
often observed as the material absorbs more light in these higher energy ranges. Electronic
transitions associated with higher energy levels can lead to a rise in the absorption of light,
which, in effect, reduces the effective speed of light within the material, resulting in a lower
refractive index.
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The peak of the refractive index in this study was obtained at the 873 nm (UV) wave-
length, which corresponds to an energy of 1.42 eV. Common materials have refractive
indices that are greater than 1, with the majority lying between 1.3 to 1.7. Silicon has
the highest value at 3.88, while diamond and lithium niobate have 2.4 and 2.2, respec-
tively [35,36]. The calculated value of the refractive index in this work therefore falls in
the class of materials with high refractive indices, with the value being in accord with the
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literature values (Table 2). The value of the refractive index was obtained at the 633 nm
wavelength (corresponding to an energy of 1.96 eV). A high refractive index is a significant
optical property with various practical implications in science, technology, and everyday
applications, such as in the design and manufacturing of optical devices and components.
These materials allow for the more efficient bending and focusing of light, contributing to
the performance of optical systems. High-refractive-index materials are also essential in
the field of photonics and optoelectronics. In devices like optical fibers and waveguides,
materials with high refractive indices enable efficient light confinement and transmission.
This is particularly important for applications in telecommunications and data transmission.
Furthermore, high-refractive-index materials are used in the construction of microscope
objectives and imaging optics. They play a crucial role in achieving high-resolution imaging
by minimizing distortions and improving light-gathering capabilities [37]. CTO is therefore
a prime candidate in the aforementioned applications.

Figure 5 depicts the variation of the absorption coefficient with the wavelength, which
indicates an increase as the wavelength increases. This is in contrast to the result reported by
Tang et al. [16], which shows a decrease, and the disparity between the two can be attributed
to the different computational methods employed. Materials’ electronic structures and the
types of transitions that result in absorption dictate the relationship between the optical
absorption coefficient and wavelength. The type of bandgap and the density of states are
the two common causes of this behavior, though it can also vary based on the particular
properties of the material [38].
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In materials with a direct bandgap, the absorption coefficient often decreases as energy
increases beyond the bandgap. This is so because an electron is promoted from the valence
band to the conduction band during a direct transition. Once this energy is surpassed, the
absorption probability decreases. At lower energies, the absorption coefficient may increase
as phonon-assisted transitions become more probable. However, at higher energies, the
absorption coefficient tends to decrease. The density of electronic states in a material is an
important factor. At lower energies, there might be a higher density of available states for
absorption, leading to a higher absorption coefficient. As energy increases, the available
electronic states become less dense, resulting in a decrease in the absorption coefficient [39].

The calculated value of the absorption coefficient shown in Table 2 agrees with the
literature values. Previous works have reported that CTO has a large absorption coefficient,
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with some reporting values in the order of ×105 cm−1 at higher energies [40]. A high
optical absorption coefficient in a material can have several significant implications and
applications in various fields, including in photovoltaics, photodetectors and sensors,
and thermal imaging. In the field of solar energy, a high optical absorption coefficient is
crucial for the efficient absorption of sunlight. Photovoltaic materials with high absorption
coefficients can capture a larger fraction of incident sunlight, leading to improved solar
cell efficiency. In thermal imaging applications, materials with high absorption coefficients
in the infrared range are desirable. Such materials effectively absorb thermal radiation,
allowing for the creation of high-quality thermal images [41]. Thus, CTO is an attractive
candidate in the aforementioned applications.

The loss of light energy or intensity during transmission through a medium is referred
to as optical energy loss. As Figure 6 depicts, there is no noticeable energy absorption within
the visible spectrum. The first peak is observed at an energy of 3.95 eV, which is within the
ultraviolet range. A higher peak is observed at 7.97 eV, which is still within the ultraviolet
range. The peaks imply the photoelectron excitation of collective electron oscillations and
interband transitions. The computed optical energy loss is presented in Table 2, which is
much higher than that of SrTiO3 and Ti2O3 at 0.000239–0.000355 and 0.000230–0.001520,
respectively [40]. However, since there are no literature values of CTO for comparison,
this study forms the basis for future reference. In devices such as lasers, solar cells, light-
emitting diodes, and optical fibers, minimizing optical energy loss is crucial for achieving
high efficiency. Optical energy loss provides insights into electronic transitions, the band
structure, and material properties such as band gaps, defect states, and excitonic effects.
High optical energy loss through absorption or scattering reduces the overall performance
of these devices, impacting their functionality and effectiveness. A high value of optical
energy loss can also lead to signal degradation, reducing the signal-to-noise ratio and
limiting the transmission distance and data rates. In solar cell technology, minimizing
optical energy loss is essential for maximizing the efficiency of energy conversion from
sunlight into electricity [42,43]. Thus, CTO’s higher optical energy loss is not good for
several applications, especially in solar cells.
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The open crystallographic database provided the crystallographic input file used in

the investigation [44]. The three-dimensional structure of the CTO, an orthorhombic cell of
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space group pbam (number 55), is depicted in Figure 7. The original parameters of the unit
cell were a = 5.665 Å, b = 10.127 Å, and c = 3.249 Å. The unit cell was thereafter taken
through structural optimization. The kinetic energy cut-off ecut was varied from 20 Ry to
90 Ry in steps of 10 Ry, while the k-points were varied from 2 × 2 × 2 to 9 × 9 × 9 in steps
of 1 × 1 × 1. The lattice parameters on the other hand, were varied from 5.099 to 6.232 Å for
parameter a, 9.114 to 11.140 Å for parameter b, and 2.924 to 3.574 Å for parameter c. These
values represent 10% below and above the reference values. The lattice point optimization
was carried out using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm, where
the lattice positions were relaxed. The electronic and optical property calculations were
then carried out on the relaxed structure. The density functional theory (DFT) within the
Quantum Espresso package (version 6.4.1) was used for all of the computations [45], with
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals (for both electronic
and optical properties) and PBE-HSE functional (for electronic properties). Ultrasoft pseu-
dopotentials were used. The optimized ecut was obtained at 50 Ry, and the charge density
cut-off was set at 400 Ry (ecut ×8 for ultrasoft pseudopotentials). An ideal Mokhorst-Pack
k_point mesh [46] was established at dimensions of 5 × 3 × 9 in the Brillouin zone.
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For the investigation of electronic properties, the HSE hybrid functional was invoked
by including a 3D mesh for the q (k1 − k2) sampling of the Fock operator (EXX). The values
were set as nqx1=5, nqx2=3, nqx3=9, which are the same as those of the k_point mesh. The
parameters exxdiv_treatment=“none” and x_gamma_extrapolation=.false. were set in the
SYSTEM nameslist, since the study involved a non-cubic cell. The bandgap was determined
by both the PBE and the PBE-HSE (hybrid) functionals. After determining the electronic
structure and total energy of the system through the ground-state DFT calculation, the
optical properties were calculated, which were implemented using time-dependent DFT
(TDDFT), which involves exciting the system from its ground state by promoting electrons
to higher energy orbitals. These excitations are associated with transitions between molecu-
lar orbitals. The real (εre) and imaginary (εim) components of the dielectric function (ε)

were used to extract the frequency-dependent optical properties. The following relation-
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ships were used to calculate the refractive index (n), the optical energy loss (L), and the
absorption coefficient (α) [47,48]:

n =
1√
2

√√
ε2

re + ε2
im + εre (1)

k =
1√
2

√√
ε2

re + ε2
im − εre (2)

α =
√

2ε

√√
ε2

re + ε2
im − εre (3)

L =
εre

ε2
re + ε2

im
(4)

The energy (E in eV) and wavelength (λ in nm) are related by

E =
1239.8

λ
(5)

4. Conclusions
The study successfully investigated both the electronic and optical properties of CTO.

It was discovered that the outcomes of the study and the values found in the literature
agreed quite well. While the GGA seriously underestimated the bandgap (0.381 eV), GGA-
HSE lead to a tremendous widening of the bandgap, reaching a value of 3.133 eV that is
comparable to those from experiments. Both methods generated direct band gaps, which
is in agreement with the results from the literature. An investigation of the DOS showed
that the VB edge is dominated by the O-s orbitals, while the CB edge is dominated by
the O-p, Cd-s, and Sn-s states. The computed refractive index of 2.53 is high, which is
good for making microscope objectives and imaging optics. The high absorption coefficient
of 1.43 × 104 cm−1 is good for solar cell efficiency. The computed value of the dielectric
function of 6.401 is quite within the 3–35 range for semiconductors. However, the high
optical energy loss of 0.00691 is not good, since it leads to signal degradation in opto-
electronic devices. The investigated optical energy loss of CTO will add to the literature
the optical properties of CTO. It should, however, be noted that the use of Cd-containing
materials has significant ecological implications due to the toxic and persistent nature of
Cd in the environment. While Cd-based compounds are employed in various technologies,
including batteries, pigments, solar cells, and coatings, their potential for environmen-
tal contamination and health risks raises concerns. Since this study did not explore the
electrical properties of CTO, which are also crucial in optoelectronic and photovoltaic
applications, the computational study of the electrical properties of CTO can form the basis
for further studies.
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