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Abstract

Density functional theory (DFT) driven by the quantum ESPRESSO code was used in this study to investigate the structural, opto-electronic, and
thermoelectric properties of ternary perovskite chalcogenide compound. This is to examine their possible use in optoelectronics and reducing the
dependency on silicon and fossil fuel. The Perovskite compounds crystalize in the cubic phase with a space group Pm-3m. The volume versus
energy is fitted by the Birch-Murnaghan equation of state which yielded the equilibrium lattice constant of 8.353, 8.488, 8.629 and 8.806, bulk
modulus of 255.8, 242.7, 233.5 and 222.4, for BiTlS3, BiTlS2Se1, BiTlS1Se2 and BiTlSe3. Indirect band gaps of 2.6 eV, 2.7 eV, 2.9 eV, and 3.2 eV
were obtained for BiTlS3, BiTlS2Se1, BiTlS1Se2 and BiTlSe3 compounds, respectively. Also, increment in the energy from 0 eV to 10 eV resulted
in optical properties fluctuation within 0 cm−1 to 1.5 × 109cm−1 for absorption coefficient in the compounds. However, a variation from 10 eV to
20 eV moved the absorption coefficient to 4.2×109cm−1 for all the compounds from visible to the UV range. Furthermore, the observed properties
show that the value of figure of merit obtained is 0.125 for BiTlS3, 0.100 for BiTlS2Se1, 0.068 for BiTlS1Se2 and 0.055 for BiTlSe3 at 300 K.
By adjusting the chalcogen ratio, BiTlX3 (X = S, Se) possess the tunable band gap in the whole visible light range, which is of great significance
for the development of new-type, high-efficient semiconductor material and optoelectronic devices, while the low thermoelectric values predict
the compounds use as sensors. The proposed results may pave the way for further investigations into the use of the perovskite compounds for
optoelectronic devices.
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1. Introduction

The dependency on silicon for the production of photo-
voltaic cells, thermoelectric sensors and dosimeters cannot be

∗Corresponding author: Tel.: +234-806-131-1867
Email address: molopade@unilag.edu.ng (Muteeu A. Olopade )

overemphasised. However, the cumbersome nature of extract-
ing silicon from sand and the large quantity of material usage
have been discouraging. Therefore, there is need to develop
new compounds (materials) as substitutes to silicon. Chalco-
genide perovskite compounds represent a fascinating class of
materials with diverse applications spanning from optoelectron-
ics to energy storage are good substitutes. These compounds
are characterized by their unique crystal structure, which mim-
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ics the perovskite structure but incorporates elements that are
chalcogenides such as sulphur (S), selenium (Se), or tellurium
(Te). Sequel to their remarkable qualities, perovskite materi-
als have become attractive options for optoelectronic and ther-
moelectric devices. The broad range of applications of novel
scintillators, including high-energy physics, radiography, envi-
ronmental security, and other sectors, is currently generating
great interest in their research [1]. Room temperature optoelec-
tronic and radiation detector (RTSD) semiconductors that are
inexpensive, highly sensitive, and chemically durable are there-
fore in high demand [2, 3]. The extremely symmetric close-
packed materials known as perovskites have been the focus of
a great deal of study in recent years because of the diversity of
their chemical and physical characteristics. Inorganic-organic
halide perovskites have received extraordinary interest in the
last several years. Any substance whose crystal structure meets
the requirements AA′BB′X6, A2BB′X6 or ABX3 is referred to
as a perovskite, where X represents a halide or an oxide, (A or
A′) indicates a cation or an earth metal, (B or B′) indicates an
alkaline earth metal.

Researchers have focused a lot of attention on inorganic
lead-free halide-based perovskites because they are promising
optoelectronic devices especially when the semiconductor has
a band gap in the range 1.5 and 3 eV [4, 5]. Perovskites have
demonstrated beneficial uses in light-emitting diodes, indoor
solar energy systems, detectors for X-rays, and photocataly-
sis, to mention a few [6–10]. Comparing halide-based per-
ovskites to their oxide-based counterpart, the former exhibits
greater stability against moisture and oxygen because of the ab-
sence of organic components [11, 12]. The toxicity of Lead
(Pb) to the environment and instability have made lead-based
perovskites less widely used in recent years, despite the fact
that they have many beneficial technical uses [13, 14]. The
work of Ju and his colleagues revealed that chalcogenide per-
ovskites SrSnSe3 and SrSnS3 exhibited good optical proper-
ties and tunable bandgaps which are characteristics of poten-
tial photovoltaic material [15], Meng et al. [16] presented
mixed perovskite chalcogenides BaZr1−xTixS3 based on the-
oretical calculations, also, BaZrS3 and CaZrS3 were synthe-
sized by Perera et al. [17] both showing optoelectronic proper-
ties. Sun and colleagues computed bandgaps for a broad range
of transition metal chalcogenides perovskite with the formula
ABX3 (where X = S, Se; B = Ti, Zr, Hf; and A = Ca, Sr, Ba),
presuming a given crystal shape. The abundance of these ele-
ments suggested the possibility of producing these materials at
a reasonable cost [18].

In this work, we will demonstrate the creative potential of
lead-free tunable chalcogenide perovskites for possible opto-
electronic applications as well as thermal sensor device which
is a novel compound. Al-Qaisi et al. recently found that certain
lead-free double perovskites have optoelectronic and transport
properties. [19–21]. Furthermore, studies conducted by Ali and
colleagues show that double perovskite is robust for use in ther-
moelectric and optoelectronic applications [22–24]. Babu et al.
[25] investigated a single perovskite CsCaCl3 that possessed
the characteristics of an effective scintillator that activates it-
self. The high density and effective atomic number of thorium-

based chloro-perovskites, along with their higher ionizing γ and
X-ray detection efficiency, make them a viable substitute for
scintillators, according to study by Fujimoto et al. [26]. An
experimental method described by Wang et al. yields a possi-
ble future scintillation material when Ce ions are added to dou-
ble perovskite Cs2NaTbCl6 [27]. In addition, double perovskite
Cs2AgBiBr6 sensitivity is temperature dependent according to
the work of Julian et al. [28]. In medical imaging, radiation
and particle detection, Zaghrane et al. [29] suggest that double
perovskite Cs2LiCeX6 [X = F, Br, I] is a promising candidate.

The optoelectronic characteristics of PTMC (post transition
metal chalcogenide) and TMC (transition metal chalcogenide)
materials have not been extensively characterized experimen-
tally till lately. Niu et al. [30] synthesized and studied two
phases of SrZrS3: the “distorted perovskite” β-phase and the
“needlelike” α-phase. Large absorption coefficients and stabil-
ity at high temperatures were noted.

In this research, the optoelectronic and thermoelectric prop-
erties of a tunable chalcogenide-bismuth perovskite compound
BiTl (SxSe1−x)3 (X = 0, 0.33, 0.67 and 1) are investigated using
density functional theory (DFT). Thereafter, possible applica-
tions of the compounds as optoelectronic devices, solar cells,
light-emitting diodes, photo detection, and thermal sensor de-
vices will be suggested with respect to the obtained properties.

2. Computational methods

In this work, we utilize the plane-wave and self-consistent
(PWSCF) technique based on density functional theory (DFT)
[31, 50], which is implemented in the Quantum Espresso soft-
ware package [32]. Using the generalized gradient approxima-
tion of Perdew-Burke-Ernzerholf, we first optimized the crystal
structure and calculated the electronic band gaps [33]. Cubic
structure of BiTl (SxSe1−x)3 is theoretically optimized by total
energy minimization. For the plane-wave basis set expansion,
a kinetic energy cut-off of 60 Ry was employed, and for the
charge density in the convergence test, 240 Ry. The relaxation
of the perovskite complex BiTl (SxSe1−x)3yields new values for
the atomic locations and cell dimension.

A 4 × 4 × 4 k-point mesh sampling technique of the
Monkhorst-pack was utilized to compute the Brillouin Zone in-
tegration; a denser k-mesh of 12 × 12 × 12 was employed for
density of state, optical, and thermoelectric computations.

To calculate the thermoelectric characteristics, the Boltz-
TraP code was utilized, which was developed using the Boltz-
mann Transport equations [34]. Visualization software package
Xcrysden and Grace were used to create the graphs.

3. Results and discussion

3.1. Structural properties

The tunable chalcogenide-bismuth perovskite compound
BiTl (SxSe1−x)3 crystallizes in cubic structure (space group Pm-
3m) using the Xray diffraction when there is only one chalco-
gen, but the space group changes to P4/mmm when the chalco-
gen become two with ratio 1:2. The simulated unit cells for the
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Table 1: The lattice parameter a0(a.u), minimum energy Emin
(Ry), bulk modulus B(GPa), equilibrium volume at zero pres-
sure V0(a.u)3 and band gap energy Eg (eV).

Parameter BiTlS3 BiTlS2Se1 BiTlS1Se2 BiTlSe3

lattice constant
a0(A◦)

8.353 8.488 8.629 8.806

Bulk modulus B
(GPa)

255.8 242.7 233.5 222.4

Volume
V0(a.u)3

145.70 152.87 160.63 170.72

Emin (Ry) -356.9 -361.8 -366.7 -371.6
Band gap Eg
(eV)

2.6 2.7 2.9 3.2

compound with the value of X varying (X = 0, 0.33, 0.67, 1)
are shown in Figure 1(a-d). The atomic positions in the ele-
mentary cell are at Bi (0, 0, 0), Tl (0.5, 0.5, 0.5) and S (0, 0.5,
0.5). Figure 1(a-d) show the crystal structure of BiTl (SxSe1−x)3
using the XCrySDen program [35]. Table 1 shows the lattice
constant a0 a.u., values for the compounds. The computation
of lattice parameters is exemplified by equation (1), whereby
the Birch-Murnaghan equation of state is used to get the pres-
sure derivative B′ and bulk modulus B (GPa). Although there is
no literature to compare the compounds with but the observed
results show good trend with similar perovskite compounds
like CsPbI2Br (6.40655), Pb2ScSbO6 (8.1866), Cs2LiCeCl6
(10.6750) etc. [36–40]. Figures 1(a-d) display the total en-
ergy against the relevant lattice constant. The equation of state
is used for the fitting of the total energy at different lattice con-
stants.

E (V) = E0 +
B

B′ (B′ − 1)

V (V0

V

)B′
− V0

 + B
B′

(V − V0). (1)

3.2. Electronic properties
The energy minimization process result which is used to

identify the arrangement of atoms that results in the lowest pos-
sible potential energy for the compounds was used to calculate
the band structure and electronic density of state in order to
gain a deeper comprehension of the physical characteristics of
the materials being studied. This offers crucial details regard-
ing the materials’ band gap and can be utilized to predict their
optoelectronic applications. The compounds’ band structures
BiTlS 3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3 are displayed in
Figures 2(a-d) along certain high symmetry lines in the Bril-
louin zone with the estimated band structure of the compounds.

Figures 2(a-d) show that the four compounds have a suitable
band gap according to the established band structure, with an
indirect gap, with the peak of the valence band at Γ and the
lowest point of the conduction band at R.

As the compound is adjusted by substituting Se for S, the
figures demonstrate that band gaps increase in the following or-
der: BiTlS 3 < BiTlS 2Se1 < BiTlS 1Se2 < BiTlSe3. The conduc-
tion bands move away from the direction of the Fermi level E f=

(a)

(b)

(c)

(d)

Figure 1: (a) BiTlS3 structure and total energy-lattice parame-
ter. (b) BiTlS2Se1 structure and total energy-lattice parameter.
(c) BiTlS1Se2 structure and total energy-lattice parameter. (d)
BiTlSe3 structure and total energy-lattice parameter.

0) when a chalcogen S is substituted with a chalcogen Se, which
explains the rise in the energy gap. The widening of the band
gap as a result of tuning the chalcogen make them utilizable in
various optoelectronic applications like solar cells, LEDs, Laser
Diodes, Photodetectors, Electro-optical modulators etc. for en-
ergy is related to the chalcogen size of the molecule since the
change affects how the material interact with light which in turn
helps predicts its suitability for the listed optoelectronic appli-
cations.

For the perovskite compound BiTl (S xSe1−x)3 the band gap
for energy are 2.6 eV, 2.7 eV, 2.9 eV, and 3.2 eV, respec-
tively for BiTlS 3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3. The
band structure results are supplemented with additional infor-
mation by the Density of state (DOS) computation. The com-
pound BiTl (S xSe1−x)3has an average bandgap energy of 2.80
eV, which makes it a good fit for possible electro-optical de-
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(a) (b)

(c) (d)

Figure 2: (a) Band structure of BiTlS3. (b) Band structure of BiTlS2Se1. (c) Band structure of BiTlS1Se2. (d) Band structure of
BiTlSe3.

vice applications. Zero (0) is the value of the fermi energy E f .
The band gap is influenced by both the valence band maximum
(VBM) and the conduction band minimum (CBM).

In Figures 3a, 3b, 3c, and 3d, for each of the four com-
pounds, the density of state is displayed. Using DOS calcula-
tions, we may determine the separation between energy bands
in semiconductors and the overall distribution of states as a
function of energy. These energy levels in that order correspond
to those in Figures 2a, 2b, 2c, and 2d.

3.3. Optical properties
Predictions of these compounds’ optoelectronic applica-

tions will be made possible by the examination of their optical
characteristics. An electronic material’s electron response is de-
scribed by a complex wave function of dielectric [41], which,
in expressed form, is ε(ω) = ε1(ω)+ iε2(ω). The component of
this equation that is imaginary, iε2(ω), shows the absorptive ac-
tivity of the material and is closely linked to its electronic band
structure.

The real part of the complex dielectric wave function, ε1(ω),
that offers details on the dispersion and polarization of electro-
magnetic radiations, can be obtained through its imaginary part
with the application of the Kramers-Kronig relation. [42, 43].
The reflectivity R (ω), absorption coefficients α(ω), refractive
index n(ω), optical conductivity σ(ω), energy loss function

L(ω) and extinction coefficient K(ω) are the remaining optical
constants that are computed. The following are the formulas for
the given optical parameter:

ε1 (ω) = 1 +
2
π

∫ ∞
0

ω
′

ε2(ω)δω
′

ω
′2
− ω2

, (2)

ε2 (ω) =
−2
π

∫ ∞
0

ω
′

ε2(ω)δω
′

ω
′2
− ω2

, (3)

n (ω) =
1
√

2

(√
ε2

1 + ε
2
2 + ε1

) 1
2

, (4)

k (ω) =
1
√

2

(√
ε2

1 (ω) + ε2
2(ω) − ε1

) 1
2

, (5)

α (ω) =
√

2ω
(√
ε2

1 (ω) + ε2
2(ω)−ε1 (ω)

) 1
2

, (6)

R (ω) =

∣∣∣∣∣∣
√
ε (ω) − 1
√
ε(ω) + 1

∣∣∣∣∣∣2 , (7)

σ (ω) =

√
n2

n2 − 1
, (8)

L (ω) =
ε2(ω)

ε2
1(ω) + ε2

2(ω)
. (9)
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(a) (b)

(c) (d)

Figure 3: (a) Density of state of BiTlS3. (b) Density of state of BiTlS1Se2. (c) Density of state of BiTlS2Se1. Density of state of
BiTlS1Se2. (d) Density of state of BiTlSe3.

Figure 4: Real dielectric function of BiTl(SxSe1−x)3.

Figures 4-11 display the values computed for the differ-
ent optical parameters described in the preceding equations
with photon energy range of 0–20 eV. BiTl (S xSe1−x)3 com-
pounds’ static values for the dielectric constant’s real compo-
nent ε1(ω) are of 410, 365, 75 and 52 at zero frequency for
BiTlS 3, BiTlS2Se1, BiTlS1Se2 and BiTlSe3, respectively. The
values decrease fast in the lower energy range to 8.30 (0.92eV),
7.65 (1.1eV), 2.51 (2.86eV), and 1.92 (2.93eV) in respective
order as mentioned earlier, all the compounds increased at a
very low rate from 1.51 (5.00eV) to 18.21 (20.00eV). The slow
rise clearly shows how little polarization and dispersion there
is in electromagnetic radiation. The investigated compounds

Figure 5: Imaginary dielectric function of BiTl(SxSe1−x)3.

obey the Penn’s model. [44]. At zero frequency, the dielectric
constant’s static values for its imaginary component ε2(ω) for
BiTlS 3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3 were computed as
130. 37, 126.86, 97.61, and 87.61 respectively. The fluctuations
between 2eV and 6eV shows the interaction within the elec-
tromagnetic spectrum’s ultraviolet section. The value of ε2(ω)
decreased gradually from 5eV to 20eV which shows that the
compounds only weakly absorb light outside of the UV range.

The refractive index n of a material is a measure of how
much light slows down and bends when it enters the medium
from vacuum or air. The refractive index n (0) static values de-
termined by taking Figure 6 into account are 15.1, 13.9, 10.7,
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Figure 6: Refractive index n(ω) of BiTl(SxSe1−x)3.

Figure 7: Extinction coefficient of BiTl(SxSe1−x)3.

Figure 8: Absorption coefficient of BiTl(SxSe1−x)3.

Figure 9: Resistivity of BiTl(SxSe1−x)3.

Figure 10: Optical conductivity of BiTl(SxSe1−x)3.

Figure 11: Energy loss of BiTl(SxSe1−x)3.

and 8.4 for BiTlS 3, BiTlS2Se1, BiTlS1Se2 and BiTlSe3, re-
spectively decreasing linearly to about 5 at 2.4eV. The n (ω)
fluctuates from 5 (2.4eV) to 2.6 (4.3eV), the four compounds
rise gradually from 2.6 (4.3eV) to a constant value of 3.1
(20eV). This demonstrates how radiation’s interaction with va-
lence electrons results in polarization and a slowing down of
light. Another reason is; as the electron density increase, also
the value of the refractive increases, but the main relation of
the refractive index is with the bonding nature of the material.
Usually, ionic compounds show the low value of the refrac-
tive index than covalently bonded compounds because in cova-
lent bonding more electrons are shared than that of ionic bond-
ing and correspondingly higher numbers of electrons are dis-
tributed in covalent compounds structures and hence there are
more chances of the interaction of photons with electrons which
results in sufficiently slowing down of the photons. A Higher
refractive index in semiconductors helps in confining light and
ensuring effective optical interaction within the device. These
materials are critical for creating efficient light emission and
absorption in optoelectronic devices. Because of their superior
optical qualities in the ultraviolet spectrum, the compounds un-
der investigation are deemed acceptable for optical applications
based on their refractive index. The refractive index is a com-
plex quantity with real and imaginary parts, the real part, known
as the refractive index, describing the phase velocity of light in
the medium while the imaginary part, known as the extinction
coefficient, describing how much the light is absorbed in the
medium.

The extinction coefficient K(ω) indicates how much electro-
magnetic radiation has been attenuated in a substance. The con-
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(a) (b)

(c) (d)

Figure 12: (a) Seebeck coefficient (S) variation for BiTlS3. (b) Seebeck coefficient (S) variation for BiTlS2Se1. (c) Seebeck
coefficient (S) variation for BiTlS1Se2. (d) Seebeck coefficient (S) variation for BiTlSe3.

stant extinction coefficient values K (0) are 13.2, 12.8, 3.15, and
2.94 for BiTlS 3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3 respec-
tively, K (ω) decreased for the four compounds to 1.15 as the
energy increased from 0 to 5eV. There is a progressive rise from
1.15 (5eV) to 3.1 (20eV) where K (ω) reaches the maximum
value for the four compounds as depicted in Figure 7. BiTlS 3
with a more pronounce value is a better absorber among the
compounds. A larger extinction coefficient indicates stronger
absorption and, thus, more effective radiation attenuation which
is requirement for radiation absorbers and photodetectors.

The quantity of light intensity absorbed in a unit length of a
substance is indicated by its absorption coefficient α(ω). Inner-
band transitions are the mechanism by which a photon absorbs
when its energy matches the band gap of a compound material.
It is directly related to the material’s ability to absorb radia-
tion and convert it to other forms of energy (like heat). Signifi-
cant increase is observed in the UV area and above for all four
substances, with a maximum value of 4.2 × 109 m−1. Bismuth
is primarily responsible for the compounds’ strong absorption
because of its high absorption coefficient and atomic number
which are two essential characteristics for materials to detect
radiation [45].

Figure 9 illustrates the reflectance that varies with frequency
R(ω) for different compounds, demonstrating that the formula
for calculating the static reflectivity values R(0) is 0.86, 0.85,
0.71, and 0.70 for BiTlS 3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3,
respectively. Regarding each of the four compounds found in
the ultraviolet region and beyond, three prominent peaks are

distinct with the following values at 2.6 eV, 3.8 eV, and 9.7eV.
R (ω) value increased from 0.38 at 10 eV to 0.54 at 20 eV.

Optical conductivity σ (ω) is a measure of how a material
responds to an oscillating electric field (light) at a specific fre-
quency ω. It represents the material’s ability to conduct elec-
trical currents in response to the optical field. Like refractive
index, optical conductivity can also be a complex quantity, con-
sisting of real and imaginary parts: the real part (represent-
ing dissipative effects, like energy loss due to conduction), the
imaginary part (representing reactive effects, like energy stor-
age in the medium). Figure 10 displays the material’s optical
conductivity σ(ω) drops from 17 Ω−1cm−1 at static σ(0) to at
1 Ω−1cm−1 at 2.1 eV, a few reactions were noted by the four
compounds with BiTlS 3 being dominant. at 2.4 eV, 4.3 eV and
10.1 eV which shows the ability to conduct in the ultraviolet
region. The peak value of σ(ω) is 32 Ω−1cm−1 showing that
higher photon energies excite more electrons to conduct, result-
ing in an increased optical conductivity.

The energy loss L (ω) defines the energy loss function dur-
ing the transition of rapidly moving electrons [46]. Energy
losses to non-absorptive processes (like scattering, reflection, or
inefficient heat dissipation) negatively impact key optical prop-
erties, reducing the overall efficiency of a radiation absorber.
For high-performance absorbers: materials with low reflectiv-
ity, minimal scattering, and high absorption coefficients are cru-
cial for ensuring maximum energy absorption and conversion
in applications like photovoltaics, thermal absorbers, and radi-
ation sensors.
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(a) (b)

(c) (d)

Figure 13: (a) Electrical conductivity σ/τ variation for BiTlS3. (b) Electrical conductivity σ/τ variation for BiTlS2Se1. (c)
Electrical conductivity σ/τ variation for BiTlS1Se2. (d) Electrical conductivity σ/τ variation for BiTlSe3.

(a) (b)

(c) (d)

Figure 14: (a) Thermal conductivity κ/τ variation for BiTlS3. (b) Thermal conductivity κ/τ variation for BiTlS2Se1. (c) Thermal
conductivity κ/τ variation for BiTlS1Se2. (d) Thermal conductivity κ/τ variation for BiTlSe3.

The highest amount of energy lost while interacting with
radiation sources is 0.118 at 7 eV for BiTlS 3, 0.122 at 7 eV for

BiTlS 2Se1, 0.126 at 6.7 eV for BiTlS 1Se2, and 0.130 at 6.8 eV
for BiTlSe3 as shown in Figure 11, for all four compounds, the
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(a) (b)

(c) (d)

Figure 15: (a) Figure of merit (ZT) variation for BiTlS3. (b) Figure of merit (ZT) variation for BiTlS2Se1. (c) Figure of merit (ZT)
variation for BiTlS1Se2. (d) Figure of merit (ZT) variation for BiTlSe3.

energy loss is low, suggesting limited scattering.

3.4. Thermoelectric properties
Researchers were motivated to develop novel materials with

high conversion ability as indicated by the dimensionless figure
of merit (ZT) by this physical occurrence.

Certain transport equations can be directly integrated to get
the Seebeck coefficient (S), electrical conductivity σ, and ther-
mal conductivity (κ) [47, 48]. We were intrigued by this infor-
mation and were inspired to investigate the transport features
of the chemical by applying the BoltzTraP algorithm and semi-
classical Boltzmann theory. For the temperature value of 300
K, 500 K, 700 K and 900 K the thermoelectric parameters have
been computed

S αβ (T, µ) =
1

eTσαβ(T, µ)

∫
σαβ(ε)(ε − µ)

−∂ fµ(T, ε)
∂ε

dε.

(10)

The potential difference produced in between the extremi-
ties of various materials when free electrons move from the up-
per boundary to the lower boundary temperature is measured by
the Seebeck coefficient (S ). Figure 12 illustrates how the See-
beck coefficient varies with chemical potential (µ). The See-
beck coefficient falls with increasing temperature, reaching a
value of 38 µV/K at 300 K, 25 µV/K at 500K, 15 µV/K at 700 K
and 8 µV/K at 900 K for BiTlS3. By replacing S with Se in the
compound to get BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3 increased
the Seebeck coefficient as displayed in Figures 12a-12d. For

the fact that positive values are predominance, the Seebeck co-
efficient indicates that the conduction is of the p-type.

Electrical conductivity (σ/τ) is a measure of how well a
material can conduct electrical current. In thermoelectric mate-
rials, high electrical conductivity is important for ensuring ef-
ficient charge carrier transport, which is essential for generat-
ing electrical power from a temperature gradient or achieving
cooling effects via the Peltier effect. Our computed results of
electrical conductivity versus chemical potential are plotted for
the compounds and are displayed in Figures 13 (a-d). Positive
value of chemical potential indicates a n-type doping while neg-
ative value of the chemical potential indicates a p-type doping.
At room temperature, the values of σ/τ for BiTlS 3 is low in the
positive region of µ while the value increased to a maximum
value of 7.9 × 1020 S/ms in the negative region of µ , corre-
sponding to a p-type doping while a peak intensity 2.5 × 1020

S/ms in observed in the n-type region as displayed in Figure
13a. Accordingly, the σ/τ was influenced by transport distribu-
tion function but almost unaffected by the temperature change.
Similar plots were observed in Figures 13b-13d when Se re-
places S in the compound, showing that σ/τ reduces with in-
creased energy gap.

Likewise, thermal conductivity (κ/τ) parameters are calcu-
lated for the compounds and shown in Figures 14 (a-d), it can
be seen that κ/τ shows a similar response as σ/τ meaning that
maximum and minimum values of electronic thermal conduc-
tivity are found in the p-type region and n-type region respec-
tively for the title perovskites due to the direct relationship be-
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tween κ/τ and σ/τ according to Wiedemann–Franz law, that is,
κe = LσT , where L represents Lorentz number which has a
value of (2.44 × 10−8J2K−2C−2) as reported in the literature for
free electrons [49].

Figure of merit (ZT) is a measure of an ideal or perfect ther-
moelectric material. Temperature, thermal conductivity, electri-
cal conductivity, and Seebeck coefficient all have role to play in
the overall value of the (ZT). The Figure of merit which is di-
rectly related to the electrical conductivity also reduces with
increasing band gap, since narrow band gap allows electron
movement from the valence to the conduction band easier than
a wide band gap. Figure 15(a–d) illustrates how the figure of
merit sharply drops as temperature rises. With a peak value of
0.125 at 300K, 0.05 at 500K, 0.02 at 700K and 0.008 at 900K
for BiTlS 3 as shown in Figure 15(a). By replacing S with Se
in the compound to get BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3 de-
creased the figure of merit. The low Figure of merit (ZT) for the
compound is due to high thermal conductivity and low Seebeck
coefficient.

4. Conclusion

This work has demonstrated that using the first-principles
computational technique, a tunable ternary perovskite
BiTl (S xSe1−x)3 is attainable. As Se replaces S as the chalco-
gen, the ground state energy and lattice constant increase
considerably. The Investigated materials show semiconducting
properties with indirect band gaps of 2.6 eV, 2.7 eV, 2.9 eV
and 3.2 eV for BiTlS3, BiTlS 2Se1, BiTlS 1Se2 and BiTlSe3,
respectively. The optical characteristics were measured within
0 eV to 20 eV of energy and the compounds possess properties
suitable as radiation detectors because of their outstanding
absorption coefficient and optical conductivity in the ultraviolet
and beyond. Compounds of BiTl (S xSe1−x)3 show great poten-
tial for optoelectronic application with respect to the obtained
electronic and optical data. The compounds’ low Seebeck
values make them unsuitable for thermoelectric applications,
which produced low figure of merit values of 0.125 for BiTlS 3
at 300K, 0.05 at 500 K, 0.02 at 700 K and 0.008 at 900 K.
In addition, at room temperature, the figure of merit for the
compounds are 0.100 for BiTlS 2Se1, 0.068 for BiTlS 1Se2 and
0.055 for BiTlSe3. Due to low figure of merit, the compounds
are suitable as temperature sensors for waste heat recovery in
low-power and cooling applications. The newly tunable ternary
perovskite explored in this research has promising properties
when compared with existing compounds.
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