Open Access Article. Published on 24 October 2025. Downloaded on 2/25/2026 5:08:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Experimental optical analysis and DFT study
of the electronic, thermoelectric and optical
characteristics of a co-doped perovskite system

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 9051

Y. Moualhi, € ** A. Mabrouki,® H. Rahmouni {2 and E. Dhahri (2 °

Experimental and theoretical investigations of the electronic, thermoelectric and optical properties of
Bag gsSro15TingsZro1s0O3 ceramic are presented via density functional theory (DFT) calculations
performed using the generalized gradient approximation (GGA) with a plane-wave pseudopotential
approach. This interesting combined analysis provides valuable insights into the potential of the material
for advanced functional applications. The electronic structure analysis reveals that BaggsSro1sTio.gs-
Zro1503 exhibits a semiconducting behavior with a band gap energy of approximately 2.52 eV. The
partial density of states analysis reveals that the O “p” orbitals dominate the valence band, while the Ti
and Zr “d" orbitals primarily contribute to the conduction band. The thermoelectric properties examined
between 300-1200 K show a consistently positive Seebeck coefficient, confirming p-type conduction.
The material also demonstrates a notable dimensionless figure of merit at 300 K, indicating excellent
thermoelectric performance near room temperature. These features suggest that BaggsSroisTio.gs-
Zrp1503 is a promising candidate for ambient-temperature thermoelectric energy conversion, opto-
electronic devices, and multifunctional oxide-based electronics. Experimentally, UV-visible spectroscopy
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yielded a direct band gap of 2.419 eV and an Urbach energy of 0.784 eV, reflecting a moderate level
of localized states within the band gap. The extinction coefficient spectrum reveals pronounced
wavelength-dependent features, with enhanced absorption extending from the UV to the visible-red
region (650-720 nm), indicating the formation of defect-related and polaronic states that effectively
narrow the optical band gap.
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This transition is marked by pronounced dielectric anomalies,
indicating the emergence of ferroelectricity accompanied by a

1. Introduction

Barium titanate oxide (BaTiO;) stands out as a key ferroelectric
oxide material widely recognized for its pivotal role in electro-
nic technologies."™ BaTiO; represents a fundamental and
widely encountered motif in solid-state inorganic chemistry.'
This perovskite system exhibits excellent dielectric, piezoelectric,
and ferroelectric properties, making it highly suitable for a wide
range of applications, including electromechanical actuators,
sensors, and ceramic capacitor dielectrics.” Moreover, BaTiO;
holds promise in optoelectronic systems, particularly in photo-
galvanic and energy-harvesting devices.”” Barium titanate
undergoes a phase transition from a high-temperature cubic
perovskite structure, characteristic of its paraelectric phase, to a
ferroelectric tetragonal structure at approximately 130 °C.°
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macroscopic polarization oriented along the [001] crystallo-
graphic direction.” Upon further cooling, BaTiO; undergoes a
polymorphic transition to an orthorhombic phase at around
0 °C, followed by a second transition to a rhombohedral phase
at approximately —90 °C.'® The electronic structure of BaTiOj;
has been extensively investigated through both experimental
and theoretical approaches."' Significant progress has been
made in understanding its lattice dynamics and the funda-
mental origin of ferroelectricity, particularly through first-
principles total energy calculations.'” In the literature, it has
been demonstrated that Ti-O hybridization plays a crucial role
in driving the ferroelectric instability in BaTiO;.'> However,
discrepancies remain between the theoretical and experimental
results, particularly concerning the calculated band gap,
conduction band structure, and the effective mass of n-type
carriers in the insulating phase. Accurately predicting the
band gap of semiconductors and insulators remains a well-
known challenge in ab initio calculations. Despite being well
recognized, these limitations continue to pose significant
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challenges in ab initio band-gap engineering."" Nevertheless,
several theoretical efforts have been undertaken to overcome
these issues.'* However, applying these advanced theoretical
methods to practical calculations for materials, such as the
BaTiO; system, remains a significant challenge."™* As a result,
many computational studies adopt adjustable parameters to
approximate the experimentally observed band gaps more
accurately."' ™ However, the introduction of a dopant within
the BaTiOj; can drastically alter the properties of the material,
making ab initio simulations considerably more complex and
computationally demanding."* Doping titanate perovskites like
BaTiO; with various transition metals or rare earth elements is
a common practice, as it enables the tuning of a wide range of
unique properties across diverse fields, including electrical,
optical, structural, and mechanical domains.'* Recently, Caixia
Li et al.™ conducted a detailed investigation of the structural,
electronic and optical properties of A-site multi-element
(Be**, Mg?*, Ca**, sr**, and Ra®") doping of BaTiO; ceramics
using first-principles calculations based on density functional
theory implemented in the Vienna ab initio Simulation Package.
By calculating the band structures, density of states, dielectric
functions, reflectivity, refractive indices, optical absorption
coefficients, and extinction coefficients, the study demon-
strated that A-site doping with Ca®>" or Sr*" provides a theore-
tical basis for the development of high-frequency filters.'®
In the same context, M. Maraj et al.'® have observed that doping
BaTiO; changed the optical behavior of this system, making the
material more useful for optoelectronic applications. In the
same context, Vu Tien Lam et al'* demonstrated that the Zr
doping of Ti leads to notable alterations in the band structure
and density of states of BaTiO;. This modification results in the
formation of new energy levels within the band gap, offering
deeper insights into the electronic behavior of both pure and
Zr-doped BaTiO;. These findings contribute to advancing the
potential of the material for future electronic and optoelectro-
nic device applications. Additionally, Haolei Shen et al'®
demonstrated that in Zr-doped BaTiOj, strong hybridization
occurs not only between Ti-3d and O-2p orbitals but also
between Zr-4d and O-2p orbitals. Despite these important
insights, theoretical investigations into the underlying mechan-
isms of Zr-site doping in BaTiO; remain relatively scarce.
Within this framework, it is well established that doping
significantly alters the crystal structure of ferroelectric systems,
thereby playing a crucial role in determining the physical
behavior of perovskite materials.'® Accordingly, Alveena Z. Khan
et al'’ have examined the impact of crystal structure on the
thermoelectric properties of n-type perovskites, CaTiO;, SrTiO;
and BaTiO;. Through first-principles investigations of the elec-
trical and thermal transport properties, as well as the thermo-
electric figure of merit (Z7), of SrTiO; in its orthorhombic (Prma),
tetragonal (/4/mcm), and cubic (Pm3m) phases, it was found that
all three phases exhibit significant heat transport dominated by
glass-like intra-band tunneling mechanisms.'” Moreover, it was
found that the cubic and orthorhombic phases exhibit superior
n-type electrical conductivity, primarily due to the weaker
polar-optic phonon scattering and longer electron lifetimes
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compared to the tetragonal phase.'”” Moreover, they find that
materials with cubic and orthorhombic phases reveal superior
n-type conductivity, since the significantly stronger polar-optic
phonon scattering and shorter electron lifetimes in the materials
with the tetragonal phase.'” Given its superior electrical proper-
ties, materials with the Pm3m phase are expected to achieve a
high-temperature ZT that is 25% greater than that of the /4/mcm
phase. However, the highest ZT is predicted for the Pnma phase,
owing to its advantageous electrical characteristics and low lattice
thermal conductivity.

The aim of the present study is to investigate the optical,
electronic and thermoelectronic properties of the co-doped
Bay g5ST0.15Ti0.85210.1503 system. Such a study is conducted
based on a combination of experimental analysis and theore-
tical calculations via the density functional theory (DFT). UV-vis
absorption spectroscopy is employed to experimentally investi-
gate the optical properties of the material, enabling the deter-
mination of absorption and extinction spectra, band gap and
Urbach energy using the Tauc and Urbach models. In addition,
we present DFT-first-principles calculations of parameters gov-
erning the optical and electronic properties of the compound.
Band gap, electrical and optical conductivities, total and partial
density of states, Seebeck coefficient, and the thermoelectric
figure of merit are determined. Given these considerations,
investigating the electronic, optical, and thermoelectric properties
of BaggsSro15Tis52r0.1503 is of significant technological rele-
vance. The partial substitution of Ba**/Ti** by Sr**/Zr*" is expected
to tailor the band structure and enhance carrier transport, making
this composition a promising candidate for multifunctional
device applications. In particular, the tunable band gap and stable
p-type semiconducting nature of BaggsSTro15Tio.852r0.1505 high-
light its potential for ambient-temperature thermoelectric energy
conversion, optoelectronic, and photovoltaic applications. There-
fore, the present study aims to provide a comprehensive experi-
mental and theoretical understanding of this material system to
support its future integration into energy-efficient and multifunc-
tional oxide-based technologies.

2. Experimental techniques and
computational details

2.1. Experimental techniques

The compound Bag g5St¢.15Ti0 852101505 is prepared through
the solid-state reaction technique, utilizing BaCO;, SrCOj3,
TiO,, and ZrO, as the initial reactants. The specific composi-
tion Bag g5ST¢.15Tlg.g5Z10.1503 was selected because 15% Sr and
Zr co-substitution has been reported to be an effective range
for tuning the structural, optical, and electronic properties of
BaTiOs-based perovskites while maintaining phase stability.'®"
Partial replacement of Ba>* with Sr** reduces the tolerance factor
and helps stabilize the tetragonal perovskite structure, whereas
Zr"™* substitution at the Ti*" site modifies lattice distortion and
contributes to band gap engineering. Previous studies have shown
that compositions within the 10-20% substitution range opti-
mize dielectric, ferroelectric, and optical responses without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inducing unwanted secondary phases or severely suppressing
ferroelectricity.'®'® Therefore, the 15% doping level was chosen
as a representative composition that balances structural stability
and property enhancement, allowing a systematic investigation
of the influence of co-doping on the optical, electronic, and
optoelectronic performance of BaTiO;. After fixing the specific Sr
and Zr doping concentration levels, the starting powders are
precisely weighed and thoroughly mixed using an agate mortar
to ensure uniformity. The resulting mixture is then subjected to
calcination at 1150 °C for 15 hours, with a controlled heating
rate of 5 °C min~". Following calcination, the powder is pressed
into pellets with an 8 mm diameter and sintered in air at 1470 °C
for 4 hours to achieve the desired perovskite phase. The phase
purity and crystal structure of the synthesized system were
evaluated using X-ray diffraction (XRD) analysis, as detailed
in our previously published work.?® Using the output refined
XRD data in the G-Fourier program, we determined the two-
and three-dimensional electron density maps of the prepared
Bay g5STo.15Tlo.85210.1503 ceramic. The optical properties of the
studied system are obtained via UV-visible absorption spectro-
scopy by analyzing the absorption and extinction spectra over a
large wavelength range from 200-800 nm.

2.2. Computational details

Theoretical study using DFT is proposed to investigate the
electronic, transport, and thermoelectric characteristics of the
Bag 55T 15Tl g5Zr0.1505 ceramic. Herein, the DFT calculations
are achieved via the GGA approximation according to the
hybrid method with full potential linearized-augmented plane
wave + lo potential included in the Wien2k program.>! For the
exchange-correlation potential, we employed the generalized
gradient approximation PBE-GGA (Perdew-Burke-Ernzerhof).”?
To modulate perfectly the electronic, transport, and thermoelectric
responses of the Bag g5STy.15Tip.85Zr0.1505 System, a 4 x 2 x 5
supercell that comprises 34 Ba and 6 Sr atoms on the A-sites
(Bag.g5ST0.15), 34 Ti and 6 Zr atoms on the B-sites (Tiy g5Zr, 15) and
120 oxygen atoms was utilized (Fig. 1). This perfectly reproduces
the intended stoichiometry Bag g5ST¢.15Ti0.85Z50.1503. Importantly,
no oxygen vacancies were taken into account in the structure.
The structural parameters employed as input in the calculations
were derived from a Rietveld refinement of the experimental
diffraction data. The optimized lattice constants are a = b =
4.02753 A and ¢ = 4.02273 A. In the same context, the Tran-Blaha

Fig. 1 4 x 2 x 5 supercell crystal structure of the Bag gsSro.15Ti0.85Zr0.1503
compound.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Variation in the total energy as a function of supercell volume.

modified Becke-Johnson (DFT-mB]J) potential is used to deter-
mine the theoretical value of the band gap and compared with the
deduced experimental value.”® The study of the transport char-
acteristics of the Bag gsSrp 15Tl 852101505 ceramic was performed
via Boltzmann theory (semi-classical) through a WIEN2k platform
using the Boltz Trap code.>* For this study, we have selected, in
the irreducible Brillouin zone, a number of 1000 k-points. To
ensure that the remaining force of every atom is fewer than
0.02 eV A™", each structure must undergo a complete relaxation.
In this work, the structural optimization for Ba gsSrg 15Ti0.85250.1503
is performed by investigating the total energy as a function of the
supercell volume, as presented in Fig. 2. The curve exhibits a clear
parabolic behavior, characteristic of a stable crystalline phase
where the total energy reaches a minimum at the equilibrium
volume. This minimum corresponds to the most energetically
favorable configuration of the lattice, indicating the optimized
structural parameters obtained from the energy-volume optimiza-
tion process.”>** The symmetric nature of the curve around the
minimum confirms the mechanical stability of the system and
validates the convergence of total energy with respect to volume
relaxation. The steep increase in total energy on both the com-
pression and expansion sides signifies the high energetic cost
associated with deviating from the equilibrium lattice constant,
reflecting the resistance of the material to volume deformation.
Such an energy-volume relationship is typically fitted using the
Birch-Murnaghan or Murnaghan equation of state to accurately
determine the equilibrium lattice constant, bulk modulus, and its
pressure derivative.”> The obtained trend highlights that the
partial substitution of Ba®>" by Sr** and Ti'** by Zr** does not
destabilize the perovskite framework, suggesting that Bag g5STg 15
Tig.g52T01503 maintains a robust structural stability comparable to
that of pure BaTiO;, while allowing tunability of its elastic and
ferroelectric properties. In addition, the calculations resulted in the
total energy being converged to 10™* eV per atom as well.

3. Results and discussion
3.1. The energy-dispersive X-ray analysis

Energy-dispersive X-ray spectroscopy (EDX) is a powerful analy-
tical technique widely employed to determine the elemental

Mater. Adv., 2025, 6, 9051-9063 | 9053
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composition of materials, including complex oxide compounds.
In this work, EDX spectroscopy is proposed to confirm that the
cation ratios correspond to the nominal composition of
Bay g5ST0.15Ti0.85210.1503. This spectroscopy allows for a direct,
quantitative assessment of the relative amounts of each cation
present in the material, providing experimental evidence that
the synthesized compound maintains the intended stoichio-
metry. By comparing the measured elemental ratios with the
theoretical values, we can validate the synthesis procedure and
ensure the reliability of subsequent property measurements.
For the prepared BaggsSro15Tio.s52r01505 perovskite, EDX
results are shown in Fig. 3. The obtained EDX pattern of the
studied Bag g5Sr0.15Tig.85Z10.1505 reveals the presence of peaks
at specific positions. The observed peaks confirm the presence
of all the used Ba, Sr, Ti, Zr, and O elements in the prepared
structure and the good homogeneous mixing state of the
powder. This examination confirms again that there are no
missing components or external contaminants present during
the synthesis procedure, thereby verifying the chemical purity
of the sample. To confirm that the cation ratios match the
nominal composition, a comprehensive overview of the atomic
percent (atom%) and weight percent (weight%) of elements in
Bay g5STo.15Tig.g5Zr0.1503 is summarized in Table 1. The atomic
percent allows direct comparison of the cation ratios with the
nominal stoichiometry, confirming whether the synthesis pro-
cess achieved the intended chemical formula. The weight
percent, on the other hand, reflects the mass contribution of
each element and is particularly useful for validating the
quantitative agreement with theoretical calculations or for
comparison with complementary techniques, such as X-ray
fluorescence. Together, the results shown in Table 1 verify the
stoichiometry and ensure sample homogeneity.

kev

(EDX)

Fig. 3 Energy dispersive X-ray
Tio.85Zr0.1503.

spectrum  of Bag.gsSro.15-

Table 1 Detailed elemental analysis by EDX for the studied compound

Element Weight% Atom%
(6] 20.81 58.97
Ti 17.56 17.63
Sr 5.50 3.39
Zr 5.78 3.49
Ba 50.35 16.52
Total 100.00 100.00
9054 | Mater. Adv,, 2025, 6, 9051-9063
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3.2. Electron density analysis

To get an idea about the areal electron density (ED) and the
structural uniformity of the material, two-dimensional (2D)
and special three-dimensional (3D) electron density maps of
Bay g5ST0.15Tlo. 85201503 were determined using the output
refined XRD data in the G-Fourier program.>® In both planar
(YZ-plane) and special (3D) electron density p(r) representation
maps, the complex Fast Fourier Transform (FFT) available in
the G-Fourier program and p(x, y, z) functions are related to
each other by the following expressions:

a b e
Fy = [ [ J p(x,y,z)exp{2n(h-x+k-y+1-z)}dxdydz (1)
JoJoJo

1
p(x,,2) :;ZFhkleXP{—isz(h'X+k'Y+l'Z)} (2)
hik,l

The parameters A, k, [ and x, y, z represent the reciprocal
lattice vector and the cell vector position, respectively. Fig. 4(a
and b) show the planar two-dimensional and special three-
dimensional Fourier maps for the ED of Ba, g5St¢.15Ti0.85210.1503-
2D and 3D contours are produced using the Origin software from
the Fourier map data of the BaggsSry15Tiogs5Z1p1503 ceramic.
In both plotted maps, the variation of the ED is represented by
colors rising as a red-yellow-green-blue sequence. The presence of
peak elevations and contours indicates an elevated ED gradient
around Zr atoms compared to Ti atoms, which is related to the
better atomic number of the Zr atom compared to the atomic
number of Ti. The oxygen element, with fewer electrons, appears
as green contours, representing a diffuse electron density. Along
y/b and z/c (x = 0, y, and z), the 2D contours revealed that the crystal
structure of Bag g5Srp 15Tio.85Z10 1503 is symmetric in space, as there
is no bifurcation in the ED gradient of the upper and lower bounds
and both are found to overlap each other.

3.3. Electronic properties

To examine the electronic properties of Bag g5Srg 15Tio.85Z10.1503,
the structural stability was first assessed through phonon analysis
and by evaluating the cohesive energy per atom (E.on), which was
calculated using the following relation:>”

R ©)

Eror represents the total energy of the BaggsSro15Tio.g5Zr0.1503
supercell, n; denotes the atoms of the species “i” in a given
supercell, and E; is the free energy of the isolated atom of the ith
species. The calculated cohesive energy was -2 eV per atom,
indicating that the compound is thermodynamically stable.
A negative cohesive energy suggests that the formation of the
compound from its constituent atoms is energetically favorable,
supporting its potential feasibility for experimental synthesis.
In this section, we also investigate the electronic band
structure of the BaggsSro 15Tl 852101505 ceramic using the
PBE-GGA approach. Initially, the band structure was calculated
within the framework of PBE-GGA. To obtain a more accurate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 2-Dimentional (2D) (a) and three-dimensional (3D). (b) Fourier map of the electron density of Bag gsSro 15Tio.852r0.1503.

description of the electronic structure and a better estimation
of the band gap, we also performed calculations using the
Tran-Blaha modified Becke-Johnson (TB-mBJ)*® potential in
addition to PBE-GGA. Fig. 5(a and b) presents the calculated
band structure of the Bag gs5Sro.15Tio 85201505 ceramic along
the selected high-symmetry path R — I' — X - M — I'. Within the
PBE-GGA framework, the obtained band gap is around 1.6 eV
(Fig. 5(a)), which is significantly underestimated, as commonly
observed in standard DFT calculations. However, when the
Tran-Blaha modified Becke-Johnson (TB-mB]J) potential is
employed, the band gap increases to 2.52 eV (Fig. 5(b)), con-
firming that the studied compound exhibits semiconducting
behavior with a direct band gap. This result provides a more
accurate description of the electronic structure. Moreover, the
obtained value is in good agreement with the experimental
data, highlighting the reliability of the TB-mBJ approach
for predicting the electronic properties of perovskite oxides.
Compared with bulk BaTiOs, which typically exhibits a wide
indirect band gap of about 3.2 eV and thus limits its absorption
mainly to the UV region, the co-doped Bay g55r¢.15Tio.85Z50.1503
system demonstrates enhanced electronic and optical proper-
ties, making it a stronger candidate for optoelectronic applica-
tions, such as photovoltaic devices and photodetectors.>® The
incorporation of Sr** and Zr*" ions modifies the crystal lattice
and electronic structure in a synergistic way. Substitution of
Ba®>* by the smaller Sr** ion induces lattice contraction and
local structural distortion, which in turn alters the Ti-O-Ti
bond angles and Ti-O bond lengths. This modification
increases orbital overlap between the Ti 3d and O 2p states,
thereby narrowing the band gap and improving light absorp-
tion in the visible region.>® On the other hand, partial replace-
ment of Ti*" by the larger Zr*" ion expands the lattice locally
and introduces strain, which modifies the crystal field environ-
ment and redistributes the density of states near the band
edges.?® These combined effects of Sr and Zr co-doping lower
the effective band gap, enhance orbital hybridization, and
increase the probability of electronic transitions under solar
illumination. Consequently, Bag gsSto.15Tio.85Z10.1503 exhibits

© 2025 The Author(s). Published by the Royal Society of Chemistry
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E-Eg(eV)

E-Eg(eV)

Fig. 5 Band structure of the Bag gsSro.1sTio.85Z2r0.1503 ceramic calculated
using the GGA (a) as well as GGA + TB-mBJ (b) approximations.

superior light-harvesting efficiency and improved charge car-
rier dynamics compared to undoped BaTiO;, making it a more
efficient material for converting sunlight into electrical energy.

Mater. Adv.,, 2025, 6, 9051-9063 | 9055
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To gain more information about the electronic properties of
the prepared Bag gsSro.15Tio.85Z10.1503 ceramic, an analysis of
the density of states (DOS), which aligns with the findings
of the band structure, is reported in this work. This kind of
analysis is employed to examine the quantity of available
electronic states at various energy levels, permitting us to
quantify the electronic levels per unit volume per unit energy.
Explicitly, both partial and total density of states (PDOS and

Fig. 6 Total density of states (TDOS) (a) and partial density of states (PDOS) of the Ba (b), Sr (c), Ti (d), Zr (e) and O (f) elements calculated using the GGA +
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the Ti, Zr “d” orbitals, and a minor contribution from the O “p”
orbitals. Interestingly, Ba and Sr did not contribute signifi-
cantly to the maximum and the minimum of valence and
conduction bands, respectively.

3.4. Thermoelectric properties

The thermoelectric performance of the investigated Bag g5Sr¢.15-
Tio 5210 1503 oxide is evaluated using a semi-classical framework
derived from the Boltzmann transport theory.>* Specifically, the
Boltzmann transport equation is solved within the relaxation time
approximation (RTA), as implemented in the Boltz-Trap compu-
tational package.>**° This method enables the calculation of key
transport parameters by assuming that the system remains
close to thermal equilibrium and that charge carriers scatter
with a characteristic, energy-independent relaxation time.
To simplify the evaluation, the rigid band approximation is
employed, which assumes that the electronic band structure
remains unchanged with variations in carrier concentration.
In addition, the constant scattering time approximation (CSTA)
is used, assuming a fixed relaxation time across all energies.
These combined assumptions simplified the estimation of
critical thermoelectric parameters, including the Seebeck coef-
ficient, electrical conductivity, and electronic contribution to
thermal conductivity for the BaggsSro 15Tig.g5Zr0.1503 perovs-
kite. This approach provides a reliable prediction of thermo-
electric behavior, particularly for identifying promising doping
levels and temperature ranges for enhanced performance. The
primary expressions for transport coefficients, such as the
Seebeck coefficient, electrical conductivity, and electronic ther-
mal conductivity, can be derived as functions of chemical
potential (1) and temperature by performing energy integrals
of the transport distribution function (TDF) under the assump-
tion of a zero external electric field.’* These integrals capture
the contributions of all thermally accessible electronic states
near the Fermi level and are weighted by their velocities and
scattering probabilities. The calculations rely on the semi-
classical Boltzmann transport formalism within the relaxation
time approximation, ensuring that the carrier dynamics are
accurately modeled under thermal equilibrium conditions.
In this context, the temperature and chemical potential depen-
dences of electrical conductivity, electronic part of the thermal
conductivity and Seebeck coefficient tensors are given by the
following relations®?:

o 7.0 = g [ 2T (@)

() = g oaee w20

3@(7&" b)} de (6)

(T 1) = g (0o — o | -2

In this work, the temperature dependence of the Seebeck
coefficient is calculated from the above-cited equations:**

Sup(Ty) = 0op(Tyt) ™ 0up(To10) (7)
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The function f,(T,¢) is the Fermi-Dirac distribution. In this
work, the carrier relaxation time (denoted as t) is assumed
constant, following the constant relaxation time approximation
(CRTA).** Under this assumption, both the electrical and
thermal conductivities are directly proportional to 7, meaning
their absolute values depend on the specific value chosen for .
On the other hand, the Seebeck coefficient is independent of ©
because t cancels out during the derivation. This makes the
Seebeck coefficient a particularly reliable parameter for com-
paring the thermoelectric performance of materials, even when
7 is not precisely known.*?

Fig. 7(a) shows the variation of electrical conductivity
divided by relaxation time (g/7) versus temperature in the range
between 300 K and 1200 K for the studied BaggsSrg.15-
Tig.g5Z19.1503 sample. In this analysis, the relaxation time ()
is assumed to be a constant, independent of temperature,
following the CRTA.>® First, it can be observed that the con-
ductivity o/t values of the studied system increase significantly
with the temperature increase. At room temperature, the com-
puted o/t value is approximately 3.44 x 10'° Sm™" s™*, which is
more significant than the electrical conductivity of other oxide
systems, such as Ba,FeMoOg, which reveals a low conductivity
value of ¢/t = 7.12 x 10° Sm™* s~ *.>* The obtained value of ¢/t
is nearly close to the electrical conductivity value of the NaNbO;
perovskite, which exhibits a ¢/t of around 8.56 x 10" Sm™ ' s %
Over the studied temperature domain, the temperature increase is
accompanied by a sharp rise in the conductivity ¢/t. This trend
suggests enhanced carrier excitation and mobility with increasing
temperature, which is characteristic of thermally activated con-
duction processes in semiconductor systems. Obviously, the
increase in electrical conductivity g/t versus increasing temperature
from 300 K to 1200 K can be attributed to the increased free charge
carrier density and the improved hopping motion between
potential barriers of the material. In assessing the thermoelectric
performance of materials, the thermal conductivity divided by the
relaxation time (k/z) is a critical parameter as it directly affects the
efficiency of energy conversion. In solids, heat is transported
through two primary mechanisms: electronic thermal conductivity
(kc), which arises from the motion of charge carriers (typically
electrons or holes), and lattice thermal conductivity (kpy), which
results from the propagation of lattice vibrations or phonons.
The total thermal conductivity is thus the sum of these two
contributions:

k=ke+ kpn (8)

Fig. 7(b) shows the variation in thermal conductivity (k/7)
versus temperature for the studied BaggsSro.15Tio.85Z10.1503
system. In the literature, it has been found that thermal
conductivity (k/z) is sensitive to both photonic and electronic
contributions, though in the Boltz-Trap code, the phonon part
is ignored, and only the thermal conductivity linked to the
electronic contribution is considered. Below 400 K, the thermal
conductivity k/t of the studied system shows a weak tempera-
ture dependence. After that, the reported results indicate that
the thermal conductivity increased with rising temperature,
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conductivity (k/t) versus temperature for Bag gsSro 15Tio.g5Zr0.1503 (b). Temperature dependence of the Seebeck coefficient (c). Temperature dependence

of the merit factor ZT for Bag gsSro.15Ti0.852r0.1503 (d).

consistent with the rise of the electrical component of the total
thermal conductivity. Similar behavior has been observed in
the Ba,FeMoOs compound, in which the thermal conduc-
tivity k/t attains a maximum value of around 1.44 x 10" W
(mKs) "3

To obtain information about the induced thermoelectric
voltage effect in the prepared Bag g5Sto.15Tio.85Z10.1503 material,
the temperature dependence of the positive Seebeck coefficient
(S) is plotted in Fig. 7(c) over a large temperature domain from
300 K to 1200 K. Over the studied temperature domain, it is
observed that the Seebeck coefficient is affected by the tem-
perature increase. In addition, our results indicate that the
conduction phenomena within the studied system are governed
by the contribution of holes, the charge carriers. Accordingly, it
is demonstrated that the Seebeck coefficient S of the studied
Bay g5S10.15Ti0.852r0.1503 sSystem is positive, demonstrating
p-type conduction in the material, where holes are the principal
charge carriers. At around room temperature (7 = 300 K), a low
Seebeck coefficient value of S =2.16 x 10~ * pv K™ ' is observed,
which is due to the high carrier concentration contribution, as
often found for high band gap semiconductors. Dissimilar
behavior is observed in the Ba,FeMoO, oxide that reveals

9058 | Mater. Adv, 2025, 6, 9051-9063

negative and elevated Seebeck coefficient values, indicating
n-type conduction and the low carrier concentration of the
material.>* Based on the calculated values of the Seebeck
coefficient (S), electrical conductivity (o/7), and thermal con-
ductivity (k/t), we have determined the dimensionless figure of
merit (ZT) for the investigated Bag g5STo 15Tl 85210.150;5 oxide
system. The temperature dependence of the ZT parameter is

defined by the following relation:***”
SZ
ZT = TGT 9)

It quantitatively evaluates the thermoelectric efficiency of a
material at a given temperature value. A higher ZT value indicates
better potential for thermoelectric applications, as it reflects a
favorable balance between the high power factor (S°¢) and low
thermal conductivity.36’37 For the studied Bay g5Srg 15Tig 852101503
oxide, the evolution of the merit factor ZT as a function of
temperature is shown in Fig. 7(d) between 300 K and 1200 K.
From this representation, it is possible to evaluate the performance
of the material for TE applications. Versus the temperature
increase, the plotted curve indicates that ZT increases significantly
and reaches a maximum value of around 0.72. Such behavior is
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attributed to the enhanced Seebeck coefficient and the decreased
thermal conductivity. The ZT elevated value indicates that this
system can be considered a potential candidate for the fabrication
of room-temperature thermoelectric devices.

3.5. Optical investigation

3.5.1. The UV-visible absorption analysis. The optical char-
acteristics of the synthesized Ba g5Sro.15Tio 852501503 sample are
systematically investigated through the UV-visible absorption
spectroscopy at room temperature, as illustrated in Fig. 8(a).
This analysis provides insights into the light absorption ()
behavior of the material, which is crucial for understanding its
electronic structure and potential applicability in optoelectronic
devices. The reported results show that Bag g5Sro 15T 852101503
exhibits notable absorptions at 212, 342 and 640 nm. Explicitly,
the absorption spectrum of BaggsSty.15Tio 85201505 shows a
steep absorption edge in the ultraviolet region, indicating a
strong band-to-band electronic transition characteristic of per-
ovskite oxides with wide band gaps. The high-energy absorption
band values at shorter wavelengths reflect efficient UV light
absorption within the studied material. Around 212 nm, the
important “o” value can be associated with charge transfer
transitions from the oxygen O®~ 2p orbitals to Ti*" or Zr** cations
(0>~ — Ti**/Zr*").>® 1t represents a strong metal-oxygen charge
transfer and is commonly observed in perovskite oxides contain-
ing transition metals. The gradual decrease toward the visible
region suggests a tailing effect related to localized defect states
and co-doping-induced energy levels. Accordingly, the observed
peak, around 342 nm, can be attributed to localized defect states
or sub-bandgap transitions, likely involving oxygen vacancies or
structural distortions in the perovskite lattice.* It might also
result from intermediate states between the valence and con-
duction bands, introduced by the substitution of Ba** with Sr**
or Ti*" with Zr*", which slightly modifies the electronic structure.
Around 640 nm, the observed lower-energy peak falls within the
visible region and may be linked to the d-d transitions of
transition metal ions (especially Ti** formed via oxygen vacan-
cies or partial reduction), or possibly to defect-induced states
within the band gap.*° It might also indicate localized electronic
states that facilitate visible-light absorption, enhancing the
photocatalytic or optoelectronic potential of the material.
Compared with undoped BaTiO;, the spectrum indicates a slight
red shift of the absorption edge, consistent with band gap
narrowing due to Sr and Zr substitution.”’ This shift, together
with the enhanced sub-band-gap absorption, implies that the co-
doped system possesses improved light-harvesting properties
and modified electronic transitions, making it more favorable
for optoelectronic and photocatalytic applications.*!

3.5.2. The Kubelka-Munk (K-M) technique. To estimate
the optical band gap (E,) of the material, the Kubelka-Munk
(K-M) function is applied, which relates the diffuse reflectance
data to the absorption characteristics of the material through
the following equation®?:

(1-R? «

F(R)=——"—=~-—

IR (10)

[
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Here, F(R) represents the Kubelka-Munk function, which is
proportional to the absorption coefficient («), where R denotes
the reflectance. The parameter “s” denotes the scattering
coefficient. The modified Kubelka-Munk expression is given
by [F(R)-h]""" (hv is the photon energy and 7 is a parameter that
depends on the nature of the electronic transition).*> For the
studied system, the diffuse reflectance spectrum, which is used
to extract the experimental value of the gap energy, is shown in
Fig. 8(b). The measurement is recorded over the wavelength
range of 200-800 nm (in the photon energy range of 1.5-6.0 eV).
The optical band gap (E,) and the type of electronic transition
of a defined material are mainly determined using the well-
known Tauc relation:**

a(hv) = B(hv — Eg)"

(11)

B is a constant dependent on the material. The parameter % is
Planck’s constant, v is the frequency of the incident light, and n
is the exponent related to the nature of the electronic transi-
tion. According to Tauc’s relation, the optical band gap E, can
be estimated from the linear portion of the plot by fitting the
aforementioned expression. The Tauc plot for BaggsSro.1s.
Tip.g5Zr0.1503 is shown in Fig. 8(c). To determine the experi-
mental optical band gap, the linear portion of the curve was
extrapolated to the energy axis, yielding an intercept at approxi-
mately E, = 2.419 eV, which is in line with the value previously
calculated from the band structure. This suggests that
the proposed DFT approximation is valid to investigate the
electronic and thermoelectric characteristics of Bag gs5Srg.15-
Tig g5Zr0.1503. As compared with BaTiO3,*® SrTiOs,*® BazrOs;,*”
and SrzZrO;,*® which exhibit band gap energies of 3.76 eV,
3.22 eV, 3.55 eV, and 5.658 €V, a reduced band gap value is
reported for Bag gsSrg 15Tig.85Zr0.1503. In this case, we found
that the substitution of BaTiO; by Sr and Zr ions facilitates
greater electron excitation from the valence band to the con-
duction band, thereby increasing the overall electron concen-
tration and enhancing the electronic properties of the material.
This makes Bag g5ST¢.15Ti0.8520.1503 @ promising material for
optoelectronic devices.

3.5.3. The disorder-induced Urbach tails. To gain deeper
insight into the optical properties of the BaggsSrg 15
Tio.85Z10.1503 system, the disorder-induced Urbach tails are
analyzed.**° These tails correspond to the width of localized
states within the optical band gap and reflect the degree of
structural or electronic disorder. The Urbach energy (Ey), which
quantifies this width, is associated with an exponential tail in
the density of states near the band edges and can be evaluated
using the following relation:**>°

o= exp(hy)
— v
Ey

The parameter o, is a pre-exponential factor. For Bag g5STo 15
Tio 852101503, the band tail energy, also known as the Urbach

(12)

energy (Ey), is determined from the slope of the linear region in
the plot of In(«) versus photon energy (hv). Fig. 8(d) presents the
variation of In(x) as a function of Av for the studied sample.
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The deduced value of the Urbach energy is approximately Ey =
0.784 eV. Mainly, this parameter reveals an inverse relationship
with the optical band gap of materials.

3.5.4. The UV-visible extinction analysis. For the studied
system, the evolution of the extinction coefficient (k) versus
the wavelength is presented in Fig. 9. The extinction parameter
“k” shows a clear wavelength-dependent evolution, reflecting
the optical absorption processes in the material. Accordingly,
we found the presence of optical features (shoulder/peaks) that
suggest different absorption mechanisms or transitions.
At short wavelengths in the UV region, “k’” starts with relatively
low values and increases progressively from 200 to around
400 nm, indicating the onset of higher-energy electronic transi-
tions. As the wavelength extends into the visible range, a
shoulder appears around 380-420 nm, often seen when two
processes overlap. The observed behavior suggests the contri-
bution of defect-related (shallow defect band plus a wider
transition) or excitonic states, as commonly observed in per-
ovskite oxides.”® With further increase in wavelength,
“k” continues to rise and reaches a broad maximum in the
visible-red region (about 650-720 nm), which is often asso-
ciated with sub-band-gap absorption mechanisms, such as
defect levels, transitions involving oxygen-vacancy-related

9060 | Mater. Adv,, 2025, 6, 9051-9063

states, polaronic effects (small/large polaron absorption), or
d-d transitions.>* Beyond this peak, “k”’ shows a slight decrease
toward the near infrared (IR) region, pointing to a reduction in
absorption.

Fig. 9 Evolution of the extinction coefficient (k) versus wavelength for the
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studied system.
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Compared with undoped BaTiOj3, which has a wide indirect
band gap of about 3.2 eV and therefore shows negligible
extinction coefficient (10> < k < 10~ *) values in the visible
region, the co-doped Bag g5Sr¢ 15Tl 852101503 exhibits a clear
enhancement in the extinction coefficient k£ across the UV-
visible range (k ~ 107°).*' The substitution of Ba** by the
smaller Sr** ion contracts the lattice and modifies the Ti-O-Ti
bond angles, while the replacement of Ti*' by the larger Zr*" ion
introduces local strain and changes the crystal field environ-
ment. These combined effects narrow the effective band gap,
enhance orbital hybridization, and introduce defect-related or
polaronic states inside the gap. As a result, k shows measurable
values (of about 10~%) throughout the visible spectrum, with
distinct shoulders and a broad maximum in the red region
(650-720 nm), indicating stronger absorption processes than in
pure BaTiO;. This improvement means that the co-doped
compound can harvest a broader portion of sunlight and
achieve higher optical absorption efficiency, making it more
promising for optoelectronic applications than undoped
BaTiO;.

4. Conclusion

The electronic, optical and thermoelectric properties of the
Bay g55T0.15Tio 852101505 perovskite are investigated based on
density functional theory and experimental optical measure-
ments. Electronic structure calculations reveal that Bag g5Srg.15-
Tig.g5Z70.1503 exhibits a semiconductor character with a direct
bandgap E, = 2.52 eV, which is particularly promising for
thermoelectric applications. Analysis of the projected density
of states (PDOS) confirms that the valence band is predomi-
nantly composed of oxygen p orbitals. In contrast, the conduc-
tion band is mainly governed by the d orbitals of Ti and Zr, with
only a minor contribution from the O p states. The Ba and Sr
elements exhibit negligible influence on the formation of the
band edges, indicating their limited role in the electronic
transitions near the Fermi level. To evaluate its thermoelectric
performance, we employed the Boltzmann transport theory
as implemented in the Boltz-Trap code. The thermoelectric
properties are assessed as a function of temperature in the
range of 300-1200 K. Our findings indicate that Bag g5Sro.15-
Tio.s52r9150; achieves a motivating dimensionless figure of
merit (ZTay) of 0.72 around 300 K, highlighting the potential
of the material for thermoelectric energy conversion and
waste-heat recovery applications. The optical properties of the
studied Bay g5Sr¢.15Tlo 85210 1503 material are investigated using
UV-visible spectroscopy. The co-doping of BaTiO; with Sr** and
Zr*" ions enhances the extinction coefficient across the UV-
visible range through lattice distortion and defect formation,
resulting in stronger sub-band-gap absorption and improved
light-harvesting capability for potential optoelectronic applica-
tions. The observed optical band gap and Urbach energy values
suggest that this compound could be suitable for optoelectro-
nic and photovoltaic devices, where controlled band structure
and defect states are advantageous for light absorption and

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

carrier transport. Overall, the findings position BaggsSro.15-
Tio.85Z10.1505 as a promising multifunctional perovskite oxide
for future applications in energy harvesting, environmental
sensing, and electronic component design.
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