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A B S T R A C T   

This article explores the impact of co-doping BaTiO3 ceramics with Ca2+ and Y3+ using solid-state 
reactions to improve its dielectric constant and decrease losses. The oxide BCTYO (Ba0.95Ca0.05-

Ti0.95Y0.05O2.975) exhibits a tetragonal crystal structure, characterized by a space group of P4mm. 
By examining the behavior of the doped BaTiO3 sample and performing simulations, researchers 
can better understand the underlying mechanisms and optimize material properties for specific 
applications. DFT study shows a semiconductor behavior with an indirect gap (Eg = 2.5 eV). The 
partial DOS proves that the hybridization between the orbitals Ti 3d, Y 3d, and O 2p is responsible 
for the band gap and the hopping processes. The analysis of conductivity curves provides evi-
dence for the semiconductor characteristics of the material under investigation. By determining 
the activation energy (Ea) through analyzing Ln(fmax) and conductivity as a function of 1000/T, 
the interconnection between conduction and relaxation phenomena is demonstrated. The study of 
the real part of the dielectric permittivity (ε′) shows a transition at Tc = 380 K. The obtained 
results are promising and indicate that the studied material has the potential for various elec-
tronic applications (energy storage and diode fabrication …). Moreover, the thermal, electrical, 
and thermoelectric characteristics were examined utilizing the semi-classical Boltzmann theory. 
The findings revealed an intriguing result, suggesting that Ba0.95Ca0.05Ti0.95Y0.05O2.975 holds 
promise as a potential candidate for application in thermoelectric devices.   

1. Introduction 

Recently, there has been significant research on perovskite multiferroic materials, specifically BaTiO3(barium titanate), and their 
derivatives, due to their wide range of applications [1–4]. The high dielectric constant, ferroelectric behavior, spontaneous polari-
zation, and nonlinear optical coefficients of BaTiO3 have captured significant interest [5,6]. It finds widespread application in a variety 
of uses, including multilayer ceramic capacitors, thermometers, infrared detectors, and bolometers [7,8]. However, it has limitations 
like a high loss tangent and limited operating temperature range. To overcome these limitations, researchers have explored modifi-
cations of BaTiO3 by doping and substitution techniques. One such modification involves the addition of Ca (calcium) to BaTiO3, 
resulting in Ba1− xCaxTiO3 (BCTO3). Ca-doped BaTiO3 exhibits low dielectric loss and remains unaffected by temperature, making it a 
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promising candidate for lead-free electro-optical modulators and memory devices [9,10]. The tetragonal ferroelectric phase stabili-
zation in BCTO3 is achieved by substituting Ca for Ba in the BaTiO3 structure [11,12]. This doping technique improves the transport 
properties of BTO compounds, including the Curie temperature (Tc) [13,14]. At room temperature, Ba0.83Ca0.17TiO3 adopts a 
tetragonal crystalline structure, characterized by the space group P4mm [15]. Among the materials synthesized with different x values 
(0.10, 0.15, 0.20, and 0.25) using the hydrothermal technique, Ba0.80Ca0.20TiO3 demonstrates favorable results, with a transition 
temperature (Tc) of 135 K and a dielectric permittivity (εr) of approximately 4548 [16]. Furthermore, Rashwan et al. synthesized the 
compound (Ba0.95Ca0.05) TiO3 using the solid-solid process and found that it exhibits the highest values of maximum permittivity 
(εmax), reaching 1982. On the other hand, many studies prove that the presence of oxygen vacancy enhances the electric, optical, and 
the material’s gas detection properties [17]. Tehtih et al. found that the insertion of Y ions decreases the band gap [18]. Other re-
searchers are focused on clarifying the optical properties of the materials using the spectral element method [19–22]. Currently, we 
find ourselves in an era known as the energy accumulation era, where the world faces two interconnected challenges: ensuring a stable 
supply of primary energy and embracing renewable and eco-friendly sources. Researchers are especially intrigued by a significant and 
difficult task that entails effectively collecting waste heat and transforming it into electrical energy using economical and ecologically 
responsible approaches. Thermoelectric materials play a crucial role in addressing this challenge by enabling the direct conversion of 
heat into electricity. The merit factor, denoted as ZT, (S2σ/k) T, serves as a valuable parameter for evaluating the effectiveness of a 
material in thermoelectric applications. To enhance the properties of these materials, researchers are actively working on lowering 
heat conductivity [23]. Various approaches, such as incorporating nanostructures or introducing layered structures, are being explored 
as potential solutions. Oxide semiconductor materials, including perovskite, show great potential as a promising option for 
high-temperature thermoelectric applications due to their excellent thermal and chemical stability [24]. Notably, significant progress 
has been made in achieving impressive thermoelectric performance in various oxide materials, such as p-type NaxCoO2 [25], 
Ca3Co4O9 [26], BiCuSeO [27], and n-type SrTiO3 [28], ZnO [29], and Sr2BBO6 oxides [30]. T his research paper extensively 

Fig. 1. (a) SEM image; (b) particle size distribution of the perovskite BCTYO; (C) XRD with Rietveld refinement of BCTYO compound; (d) Wil-
liamson Hall plot for BaCaTiYO sample. 
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investigates the effects of co-doping on the structural, transport properties of BCTYO ceramic. The objective of this study is to enhance 
the electrical characteristics of BTO by altering its composition through the partial substitution of Ca and Y. Notably, a novel approach 
is adopted as a DFT calculation is carried out for the first time to explore the structural, optical, electronic, and thermoelectric 
properties of the Ba0.95Ca0.05Ti0.95Y0.05O2.975 compound. Our material possesses unique attributes that make it suitable for diverse 
applications across various fields. These applications include lead-free ceramics, electronic devices, thermoelectric applications, LTTC 
applications, non-volatile memories, and optical devices with a 2.5 eV energy band. 

2. Experimental section 

The Ba0.95Ca0.05Ti0.95Y0.05O2.975 sample was elaborated by solid-state method, in which high-purity precursors (99.9%) of BaCO3, 
CaCO3, TiO2, and Y2O3 were weighing with stoichiometric proportions and mixed using an agate mortar. The powder obtained un-
dergoes a cycle of grinding, pelletizing, and sintering for 12 h at different temperatures (800-900- 1100 and 1300). The obtained 
sample was characterized by X-ray diffraction to ensure its purity, employing a (θ, 2θ) type powder diffractometer using the Kα1 line (λ 
= 1.5406 Å) of a copper anticathode. The structural parameters were checked by exploiting Rietveld refinement by utilizing FullProf 
software [31]. The scanning electron microscope used for the micrography of our material is a Zeiss Ultra Plus. The electronic 
bombardment is carried out using an accelerating voltage that can vary in the range of 0.5–30 kV; the images were taken at 5 kV. 

2.1. Computational detail 

In order to correctly modulate the Ba0.95Ca0.05Ti0.95Y0.05O2.975 compound, we have created a 4 × 2*5 supercell that contains 38 Ba, 
2 Ca, 38 Ti, 2 Y, and 119 oxygen atoms. The DFT calculation was performed using the GGA approximation [2,32,33] using the hybrid 
method with full FP L/APW + lo potential implemented in the Wien2k package [34]. To obtain a band gap value that was closer to that 
obtained in the experiment, we included the modified Becke− Johnson (DFT- mBJ) potential Tran− Blaha. We used experimental lattice 
parameters determined by the XRD measurement X-ray extracted from the Rietveld refinement. We have chosen 500 K points in the 
irreducible Brillouin zone. Every structure underwent complete relaxation, ensuring that the residual force on each atom was less than 
0.02 eV/Å. Additionally, the total energy was converged to 10− 4 eV per atom for the calculations. 

3. Results and discussions 

3.1. Morphological and structural properties 

In Fig. 1(a), the SEM image and particle size distribution of the perovskite BCTYO are depicted. The image reveals randomly 
scattered irregularly shaped agglomerated grains, which contribute positively to enhancing the ceramic’s physical properties and 
density. Fig. 1(b) displays the particle size distribution obtained through the use of ImageJ software. The histogram of the distribution 
closely follows a Gaussian function, indicating an average particle size of approximately 0.50 μm. 

The XRD analysis of the material elaborated by the solid-solid method shows the presence of fine and intense peaks reflecting good 
crystallization (Fig. 1(c)). The Rietveld refinement using the FullProf software indicates the existence of the primary BCTYO phase, 
which forms a tetragonal crystal structure with space group P4mm, and a secondary phase of low intensity that is attributed to titanium 
dioxide (TiO2). The information pertaining to the structural parameters can be found in Table 1. 

The Williamson-Hall formula was used to calculate the median dimension of crystallites (DWH), and is represented by Equation (1) 
[35]: 

β cos(θ) =
kλ
D

+ 4ε sin(θ) (1)  

Where, β and θ denote is the FWHM and the Bragg angle corresponding to each peak respectively, λ stands for the Cu wavelength, k is a 
shape factor with a value of 0.9, DW-H represents the crystallite size, and ε represents a coefficient associated with the strain effect. 

The average crystallite’s size is estimated from the intercept with the y-axis Fig. 1(d). The average crystallite size measured is about 
50 nm. The theoretical density (dx) of the studied material can be calculated using the following equation (2) [36]: 

Table 1 
The refinement parameters of BCTYO.  

Sample and Space Group Cell parameters Values 

BaCaTiYO P4mm a (Å) 4.000(5)  
c (Å) 4.010(4)  
V (Å3) 64.16(2)  
Rp (%) 4.93  
Rwp (%) 6.40  
RF (%) 5.74  
χ2 (%) 1.26  
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dx =
ZM
Na2c

(2)  

Where M is the molar mass, N is the Avogadro number (6.022.1023), and a is the parameter of the cell. The calculation of the density 
gives a value in the order of 5.083 g. cm− 3. 

4. Electronic properties 

Fig. 2(a) depicts the electronic band structures of Ba0.95Ca0.05Ti0.95Y0.05O2.975 sample calculated using TB− mBJ approaches, based 
on the selected high-symmetry paths [37–40] Γ − X − M − Γ − Z − R − A − Z − R − X (Fig.2(b)). Like BaTiO3, which has a semi-
conductor indirect band (Eg = 3.2 eV) [32,33,41]. An S.C behavior was observed with a direct bandgap Eg = 2.5 eV [42] which makes 
this material significant utility in the production of diodes and photovoltaic panels. This is mainly due to its unique electronic 
properties, which allow the conversion of sunlight into electrical energy. In order to gain deeper insights into the electronic structure, 
we examined the density of states for the material under investigation as depicted in Fig. 2(c and d). The comprehensive analysis of 
both total and partial density of states revealed that the upper portion of the valence band (VBM) primarily originates from a com-
bination of Ti and Y 3d states along with 2p states. On the other hand, the conduction band minimum (CBM) is predominantly occupied 
by Ti 3d transition-metal states. Notably, Ba and Ca were found to have no significant contribution to either VBM or CBM. 

Fig. 2(e) shows how the absorption coefficient changes concerning photon energy. On the bases of the result shown in the Bands 
Structure and according to the Tauc relation [24,43], we traced in the inset of Fig. 2(e) the evolution of (αhν)1/2 as function of (hν) 
which is given by equation (3) : 

(αhϑ)2
=A(hϑ − Eg) (3) 

Fig. 2. Illustrates various aspects of BCTYO samples: (a) The band structure; (b) The 3D representation of the bands around the Γ − X − M − Γ − Z 
− R − A − Z − R − X paths in the Brillouin zone; (c) The total density states; (d) The partial density of states for the BCTYO sample; and (e) The 
changes in the absorption coefficient as function of the photon energy, with the Tauc plot shown in the inset. 
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A is a constant and hϑ is the photon energy. The lack of contrast between the absorption in the two directions shows the absence of 
anisotropy in the material. 

5. Electrical properties 

The dependency of (Z′) on frequency at various temperatures is shown in Fig. 3(a), and it shows a considerable decline over a 
number of decades. This confirms the conduction process’s thermal activation, attributed to the rise in conductivity (σ). In the high- 
frequency range, the values of Z′ converge irrespective of temperature. This outcome can be associated to the liberation of charges due 
to barrier reduction and the presence of a space charge zone (SCZ) [44]. 

Fig. 3(b) illustrates the change in Z″ vs. frequency for various temperatures. The peak frequency of Z″ changes towards a greater 
value as the temperature rises. This discovery provides evidence for the presence of a relaxation phenomenon in the material [45]. 
Other studies on perovskite-type materials have observed the same behavior [46]. By extracting the maximum frequency from the 
observed peaks in the impedance spectrum Z’’ = f (frequency) at different temperatures, we can determine the activation energy Ea on 
the basis of Arrhenius law, we use equation (4) [47]: 

fmax = f0 exp
(
− Ea

kB.T

)

(4)  

With Ea: activation energy and KB: Boltzmann constant (KB = 8.617 10− 5 eV K− 1), f0: frequency factor, and T: temperature in kelvin. 
The formula mentioned in your statement describes the variation of the logarithm of the frequency, Ln (fmax), vs. 1000/T. This 

relationship was observed in Fig. 3(c), which shows a linear behavior for the data points. This linear behavior demonstrates that the 
examined material’s conduction mechanism is thermally activated. The estimated value of the activation energy is Ea = 1.38 eV. 

At varying temperatures, the Nyquist plot of the BCTYO displays the existence of one semicircle per temperature, as illustrated in 
Fig. 4(a). This means that the electrode-material interface doesn’t contribute to the electrical response; the presence of a single 
semicircle indicates that the electrical conduction of the samples is governed by a single primary mechanism. The equivalent electrical 

Fig. 3. The graphs labeled (a) and (b) depict the changes in Z′ and Z″ concerning frequency for BCTYO at different temperatures. Additionally, graph 
(c) illustrates the progression of Ln(fmax) concerning 1000/T for the BCTYO compound. 
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circuit determined using ZView Software [48] was exploited to explain the electrical behavior of the studied material. We used an 
equivalent electrical circuit that was composed of a combination of the two circuits Rg //CPEg and Rgb//CPEgb. Where Rg is the 
resistance of grain, Rgb is the resistance of grain boundary, and (CPE) is the constant phase element impedance to obtain the adjustment 
process. The aforementioned program provides the appropriate circuits that model the electrical responses of the material. Equations 
(5) and (6) give the calculation of Z′ and Z″ from the equivalent circuit. 

z′=
Rg

(1 + Rgω CPEg)2 +
Rgb

(1 + Rgω CPEg)2 (5)  

z″=
− Rg2ω CPEg

(1 + Rgω CPEg)2 +
− Rgb2ω CPEgb
(1 + Rgω CPEg)2 (6) 

The corresponding configuration is of type (Rg// CPEg) + (Rgb // CPEgb) [49] as shown in Fig. 4(a). 
The ZCPE impedance in general is described by equation (7) [49]: 

ZCPE =
1

Q(jω)α (7)  

Where Q and α are the CPE parameters that are independent of frequency and ω is the angular frequency. The estimated Equivalent 
circuit parameters are collated in Table 2. 

From the values found in Table 2, we notice that the grain boundary resistance Rgb is much higher than the grain boundary 
resistance Rg. Consequently, We can draw the conclusion that the material’s conduction mechanism is caused by the grain boundaries 
[50]. In addition, we observe that the Rgb value decreases with increasing temperature, which is the result of the semiconducting 
nature of the material [51]. 

Two parallel lines are formed in the logarithmic representation of the evolution of the two resistances vs. 1000/T (Fig. 4(b)), 
demonstrating that Rgb and Rg are in accordance with the Arrhenius law as stated in equation (8) [52]: 

Rgb,g =R0 exp
(

Ea

kB.T

)

(8)  

With: KB is the Boltzmann constant, Ea is the activation energy, and R0 is a preexponential factor. The activation energy was 
determined to be 1.33 eV. This value is very similar to that determined from the relationship between Ln (fmax) and 1000/K. The high 
values of the activation energies are due to oxygen vacancies; this has already been observed in many perovskites [53,54]. In addition, 

Fig. 4. (a) Nyquist diagrams of the compound BCTYO at various temperatures, along with the corresponding fit (red line). In (b), the plot illustrates 
the relationship between ln (Rg, Rgb) and 1000/T of the BCTYO. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Equivalent circuit parameters of the compound BCTYO.  

T(K) R
g 

(105 Ω) CPE (10− 10 F) αg 
R
gb(105Ω) CPE (10-10F) αgb 

580 5.916 2.573 0.983 35.49 1.926 0.987 
600 4.496 1.771 0.989 13.852 2.426 0.989 
62 2.108 1.717 0.992 6.605 2.296 0.987 
640 1.028 1.61 0.995 3.020 2.255 0.986 
660 0.367 1.65 1 1.352 1.885 0.998  

A. Saidi et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e18780

7

the setting in motion of the oxygen vacancies that occurs with increasing temperature also contributes to this activation value; itself 
enhanced by the tendency for wall pinning that occurs due to excess oxygen vacancies at elevated temperatures. 

The electric conductivity was calculated by exploiting the measurements made by impedance spectroscopy by the following 
relation (9): 

σ= e
s

Z′

(Z′2 + Z″2) (9)  

with, e and s present the thickness and the surface of the pellet, receptivity. 
In Fig. 5(a), the graph illustrates the evolution of the conductivity vs. frequency at various temperatures. The graph shows two 

distinct behaviors. At low frequencies, the first behavior is shown as a plateau. This plateau denotes the compound’s direct current 
conductivity (σ = σdc). The conductivity value remains relatively constant within a specific frequency range. However, this conduc-
tivity is influenced by temperature and exhibits changes as the temperature increases. Specifically, as the temperature rises, the value 
of σdc also increases. This suggests that the compound’s conduction pathway is thermally activated, meaning that higher temperatures 
facilitate greater conductivity. The second behavior, observed beyond the plateau in the logarithmic scale, is characterized by a change 
in the slope of the σAC conductivity as a function of frequency. This suggests a different conduction mechanism or behavior compared 
to the plateau region. The exact nature of this change in slope would require further analysis or additional information in the context of 
the study or experiment. 

Jonscher’s law, also known as the universal power law or the power law model, is a popular explanation for the phenomenon of 
conductivity dispersion at elevated frequencies. It describes how the electrical conductivity of materials varies with frequency. In line 
with Jonscher’s law, the complex electrical conductivity (σ*) of a material can be expressed by equation (10) [55]: 

σ(ω)= σdc + Aωs (10)  

ω: is the angular frequency; σdc: the temperature-dependent low-frequency conductivity; A: the temperature-dependent coefficient; 
and s indicates the degree of interaction between mobile charge carriers and their surroundings [56]. 

Fig. 5. (a) 5 illustrates the following how conductivity changes with frequency at various temperatures.; (b). How the exponent “s” varies con-
cerning temperature; (c) The variation of ln(σacT) as a function of 1000/T of the compound BCTYO. 
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To summarize, the study indicates a strong correlation between experimental and theoretical conductivity graphs when using 
Equation (10). Table 3 provides the parameter values of ‘s’ at different temperatures. The square of the linear correlation coefficient, 
denoted as R2, is commonly compared to one to assess the quality of the fit. Specifically, within the temperature range of 580–660 K, 
the values of the exponent ‘s’ exhibit a consistent increase as the temperature rises. This observation implies the existence of a single 
conducting unit in the compound, which is associated with the Small Polaron Tunnel Model (NSPT) as indicated by Ref. [57]. 

Based on this model, the exponent “s” is given by the following formula [58]: 

s= 1 +
4kbT
Wm

(11) 

The binding energy of the Polaron is related to the maximum height of the barrier for infinite interstate separation, which is called 
the parameter Wm. According to Equation (11), we can estimate the Wm value by applying a linear fit in the variation of the “s” 
exponent vs. temperature (Fig. 5(b)), which equals 0.65 eV. 

To estimate the Ea of the conduction process, we have plotted in Fig. 5(c) the variation of ln(σacT) vs. 1000/T. As can be seen, the 
linear fit extends over the entire temperature range. As a result, the conduction mechanism may be inferred to follow the small polaron 
hopping (SPH) model established by Mott and Davis [59] (Equation (12)): 

σdc.T = σ0e
− Ea
kBT (12) 

We notice that the activation energy Ea calculated from ln(fmax) vs. 1000/T, closely resembles the one obtained from the analysis of. 
This similarity suggests that the conduction process and the relaxation phenomenon share the same type of load carriers [60]. 

6. Dielectric properties as a function of temperature and frequency 

Fig. 6(a) depicts the temperature dependence of εr΄ at a wide range of frequencies for the BCTYO ceramic. The results clearly 
indicate a gradual increase in the dielectric constant as the temperature rises, reaching a maximum value of 16,706 at a temperature of 
380 K. The inverse of permittivity (1/εr’) at a frequency of 11 MHz displays a minimum point on the curve at 380 K, indicating the 
occurrence of the ferroelectric-to-paraelectric phase transition. This minimum point provides evidence of classical ferroelectric 
behavior, and the thermal dependence of 1/ εr’ follows the Curie-Weiss type as stated in Equation (13) [61]: 

εr΄=C/(T − T0) (13)  

where is the Curie constant and T0 Curie-Weiss temperature. 
In Fig. 6 (b), the curve represents the variation of log (1/εr’-1/εr’max) as a function of log (T-Tc). The linear fit on this curve yields a 

value of γ=0.90, which is approximately equal to 1. This confirms the classical behavior mentioned above. Our material has been 
extensively examined and described due to its desirable characteristics and potential technological applications. It offers a wide range 
of useful properties, including high permittivity (used in capacitors), non-volatile memories, optical devices (2.5 eV), and electronic 
devices [62,63]. 

Based on the description provided, it seems like Fig. 7(a) is showing the change in electrical permittivity, represented as εr’ with 
respect to frequency. The behavior of εr’ reveals a slight decrease over the entire range of frequencies explored, then rapidly lowers 
with a higher frequency up to 105 Hz. Above this frequency value, the εr΄ spectra appear as superimposed plateaus. This material can be 
used for various applications, such as energy storage in electronic devices requiring high capacitance capacitors. Since this material has 
high εr′ values (on the order of 103), it is therefore considered a good dielectric material. The high permittivity values can be attributed 
to various types of polarization and are mainly caused by the existence of (SCZ) [60,64]. Studies by S. MKhetrea [65] and S. Asad Ali 
[60] indicate that at high frequencies, the values of εr′ decrease until they stabilize at a constant level. This behavior can be explained 
by the Maxwell - Wagner interfacial polarization, which arises when a dielectric material consists of two phases. The first phase is 
composed of conductive grains, and the second phase is constituted by the poorly conducting joints of these grains [64,66]. 

Understanding the origin of dielectric losses, electrical and dipolar dielectric losses, and electrical and dipolar relaxation times can 
all be supported by studying dielectric properties [67]. 

Fig. 7(b) depicts how (εr’’) changes concerning frequency and temperature. To compute the permittivity, one can utilize the 
following equation (14). 

ε″ =
σ

ωε0
(14) 

Table 3 
Results of the fitting parameters of the compound BCTYO.  

T(K) σdc (10− 7) Ω- 1cm-1 A (10− 8) S R2 

580 1.93 0.93 0.400 0.9961 
600 4.08 1.05 0.407 0.9992 
620 9.96 1.30 0.417 0.9991 
640 23.77 1.53 0.428 0.9992 
660 53.43 1.35 0.442 0.9988  
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With: σ: the conductivity, ω = 2πf: the angular frequency and ε0 = permittivity of vacuum is equal to 8.854 × 10− 12 F/m. 
We notice that εr’’ is quite high at elevated temperatures and low frequencies. The reason behind the gathering of charges at the 

electrode-compound junction is clarified by the presence of ion diffusion effects, particularly when the material’s characteristics do not 
adhere to the Debye model [68]. It is well-known that electrical energy loss is essentially linked to conduction, dielectric resonance, 
and dielectric relaxation, which can be estimated using a material’s tan(δ) values [69]. ε′ and ε″ as are linked between them by the 

Fig. 6. (a), the real part of the relative permittivity (εr’) is depicted as it varies with temperatures at different frequencies. (b) Illustrates the 
Variation of log (1/εr’ - 1/ ε′

rmax) as a function of log(T-Tc) at high frequency. 

Fig. 7. (a; b; c) show respectively the Variation of the real component (εr’); t imaginary part (εr’’), and loss factor tan(δ) concerning frequency and 
temperature. 

A. Saidi et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e18780

10

following relationship (15) [70]: 

tng (δ)=
ε″

ε′ (15)  

tan(δ) is relatively high for low temperatures and frequencies, and they become very low when the frequency increases, regardless of 
the temperature value (Fig. 7(c)). 

The complex modulus formalism can also be used to examine the experimental results. This method provides an alternate view-
point on electrical characteristics and solves issues such as electrode polarization [71,72]. The real and imaginary components of the 
modulus M*(ω) were computed from the permittivity ε*(ω) using Equation (16): 

M′ =
ε′

ε′2 + ε″2 = ωC0 Z″ et M″ =
ε″,

ε′2 + ε″2 = ωC0 Z′ (16) 

Fig. 8(a) demonstrates that M′ exhibits minimal values at low frequencies when observed at different temperatures. 
This result demonstrates that the electrode effects are insignificant and can be ignored [73]. At high frequencies, however, the 

value of M′ keeps rising as the frequency increases until it stabilizes at a constant value identical to M∞ (M∞ = 1/ε∞). This phenomenon 
can be attributed to relaxation processes. 

Fig. 8(b) shows the variation (M″) vs. frequency at different temperatures. With increasing temperature, the positions of the peaks 
shift towards higher frequencies, suggesting that the relaxation time lengthens as a result of the thermal activation of charge carriers. 
As a result, the highest peaks move to higher frequencies as the temperature rises. The frequency range centered on fmax is rather 
limited and represents the shift from short-range to long-range charge carrier mobility, especially for decreasing frequencies. Fre-
quencies below fmax reflect long-range charge carrier movements, whereas frequencies above fmax depict carriers that are more 
constrained in their potential wells. 

7. Thermoelectric properties 

Barium oxide titanate is considered a suitable material for thermoelectric applications [74]. The thermoelectrical properties were 
examined using the BoltzTraP code and presented in Fig. 9. 

The ZT scale of merit ZT = σS2T
k is used to quantify the thermoelectric effectiveness. Where the electrical conductivity, thermal 

conductivity, Seebeck coefficient, and temperature, are represented by σ, k and, T, respectively. Those parameters were calculated, 
according to the classical Boltzmann transport theory using the following relations (17, 18, 19) [23,75]: 

σαβ(T, μ)=
1

eTΩ

∫

σαβ(ε)(ε − μ)
[

−
∂fμ(T, ε)

∂ε

]

dε (17)  

k0
αβ(T, μ)=

1
eTΩ

∫

σαβ(ε)(ε − μ)2
[

−
∂fμ(T, ε)

∂ε

]

dε (18)  

Sαβ(T, μ)= σαβ(T, μ)− 1ϑαβ(T, μ) (19) 

At a temperature of 300 K, we observed that the electrical conductivity (σ/τ) reached a value of 5 × 10^18 Ω− 1 m− 1 (Fig. 9-a). 
Fig. 9-b shows a steady rise in thermal conductivity (k) with temperature, showing the sample’s behavior as a semiconductor. Fig. 9(c) 
shows that the hole contribution dominates the electric conduction by having positive S values [76]. Furthermore, significant values of 

Fig. 8. (a; b) Variation (M′) and (M″) of the complex modulus (M*(ω)) vs. frequency at different temperatures.  
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S were observed, reaching 140 μV K− 1 at 300 K and increasing to 210 μV K− 1 at 600 K. In order to evaluate the performance of 
Ba0.95Ca0.05Ti0.95Y0.05O2.975 in thermoelectric (TE) applications, the evolution of the merit factor ZT with temperature is depicted in 
Fig. 9-d. It was observed that ZT increases with rising temperature, primarily due to the enhancement of the S coefficient. The ZT value 
reached an intriguing value of 0.9 in the neighborhood of 600 K, showing its potential as a good option for high-temperature ther-
moelectric devices. 

8. Conclusion 

In the mentioned study, co-doping of BaTiO3 ceramics with Ca2+ and Y3+ was explored through computational simulations utilizing 
Density Functional Theory (DFT) and first-principles calculations. This computational approach allows to predict and analyze various 
properties of the material, including optical and electronic properties. The structural analysis of Ba0.95Ca0.05Ti0.95Y0.05O2.975 was 
performed by employing X-ray diffraction, it showed that the compound forms a tetragonal structure characterized by the P4mm space 
group. The electronic characteristics of BCTYO were investigated using the TB-mBJ calculation approximation, which revealed an 
indirect gap reached 2.5 eV. Impedance spectra of the BCTYO compound were distinguished by the presence of temperature-dependent 
semi-circular arcs. The investigation of the real component of the permittivity as a function of temperature revealed a phase transition 
from the FE to the PE phase at Tc = 380 K. Our material has a wide range of uses and does not have any negative impact on the 
environment. Furthermore, the examination of the thermoelectric characteristics proves a favorable merit factor ZT at 600 which 
reaches 0.9. This intriguing outcome leads us to contemplate BCTYO as a potential and promising option for application in thermo-
electric devices. 
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