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Abstract
The present work shows the dielectric properties of (100-X)Ba2TiSi2O8–(X)TiO2 composites (X in wt%) at radio frequency 
(RF) region (< 300 MHz). X-ray diffraction and Rietveld’s refinement showed the presence of Ba2(Ti7/9Si2/9)9O20 (BTSO) 
phase in the studied composites. To analyze the relationship between the electrical properties and the microstructure of the 
matrix and composites, Impedance spectroscopy (IS) was used. The applied model that best describes the behavior found in 
the samples is the Havriliak–Negami model. From the IS it was observed that the dielectric relative permittivity presented 
high values in BTS10 (X = 10%) and BTS20 (X = 20%) which allows classifying them as Colossal permittivity materials. This 
is an important result due to the potential for applications in new storage systems, capacitive devices and microelectronics. 
Nyquist diagrams were employed to evaluate the contribution of the grain and grain boundary in the electrical response of 
the samples and fitted employing an equivalent circuit with two associations of R-CPE (constant phase element). Temperature 
coefficient of capacitance (TCC) was also obtained and it was possible to observe that there was an increase in the TCC value 
for the compounds in all frequencies. In addition, IS demonstrated that the activation energy decreasing with TiO2 addition 
indicating a decrease in the resistive character of the materials.
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1  Introduction

Dielectric ceramics have been extensively studied due to 
their physical properties [1] which allow these materials to be 
used for different applications [1–3]. These materials, when 
endowed with a low dielectric loss combined with high val-
ues of permittivity and quality factor, are generally used in 
microwave circuits [1–3], while ceramics with low permittivity 
can be used in communication technology of fifth-generation 
(5G) [4]. In this technology, factors such as transmission speed 
and frequency are essential, which can be optimized by small 
values of the dielectric constant [4].

On the other hand, materials that have a colossal dielectric 
constant (CDC), that is, exhibit permittivities higher than 103, 
are fundamental for the miniaturization of electronic devices 
and allow for vast technological applications [5–10]. How-
ever, the electrical properties of a material depend on imper-
fections in its crystal lattice, porosity, particle size, etc. [1]. So, 
to characterize the electrical properties of ceramic materials, 
it is common to use impedance spectroscopy (IS) [11], which 
will be applied in this work focusing on the ceramic matrix 
Ba2TiSi2O8 (BTS).

BTS is a rare silicate mineral that was discovered in Fresno 
County (USA) and its first reports date back to 1960 [1], it 
belongs to the space group P4bm [12–15], and has a non-
center-symmetric tetragonal structure [16–18], due to its 
physical properties such as ferroelectricity [12, 15–17], pyro-
electricity [12, 17, 19, 20], and piezoelectricity [19, 20] have 
attracted numerous studies on its structure, electrical proper-
ties, and possible technological applications.

This work sought to investigate the effect of the additions 
of 10%, 20%, 30%, and 40% by mass of TiO2 in the pure phase 
of Ba2TiSi2O8 on the electrical properties of BTS in the radi-
ofrequency region through Spectroscopy Impedance (IS). It 

is noteworthy that the choice of TiO2 as an addition to the 
BTS phase is due to its technological applications in the radi-
ofrequency (RF) region [20]. The structural characterization 
of the samples was carried out via X-ray diffraction (XRD), 
and the Rietveld refinement was used to confirm the phases. IS 
was used to study electrical properties varying the temperature 
from 380º to 460 ºC and using a frequency spectrum of 1 Hz 
– 1 MHz. In this work, the following electrical parameters 
were studied: complex dielectric permittivity, capacitance tem-
perature coefficient (TCC), conductivity and activation energy 
(Ea). The Nyquist diagram was used to identify and differenti-
ate intrinsic effects (grains, grain boundaries) from extrinsic 
effects (electrode and interfacial effects).

2 � Experimental procedure

For the preparation of the BTS matrix, the solid-state reac-
tion was used following the stoichiometric proportions. In 
the synthesis, the following solid precursors were employed: 
BaCO3 (99.99%, Vetec), TiO2 anatase (99.8%, Aldrich), and 
SiO2 (99.9%, Aldrich). The matrix was obtained according 
to the chemical equation (Eq. 1):

The high-energy mill with a rotation speed of 360 rpm 
for 4 h was used to grind the material. The resulting powder 
was calcined at 1100 °C for 6 h in a conventional oven. Sub-
sequently, 10%, 20%, 30%, and 40% by mass of TiO2 was 
added and mixed thoroughly to the BTS matrix using mor-
tar, resulting in composites that were called BTS, BTS10, 
BTS20, BTS30, and BTS40, respectively. The prepared 
series are (100-X)Ba2TiSi2O8–(X)TiO2 composites (X in 
mass units). To produce the cylindrical disks the samples 

(1)
2BaCO3(s) + 2SiO2(s) + TiO2(s) → Ba2TiSi2O8(s) + 2CO2(g)

Fig. 1   Rietveld refinement of the: a BTS pure, and b BTS40 composite
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were compacted via uniaxial pressure of 15.43 MPa. Finally, 
the pieces were sintered at 1200 °C for 4 h.

Through X-ray diffraction (XRD) the structures of the 
samples were analyzed. The Rigaku model D/max-B dif-
fractometer with Cu cathode (Cu-Kα), 40 kV, 30 mA, and 
λ = 1.5404 Å, with an angular range in (2θ) of 20º–80º was 
used in this analysis. Using the Rietveld method and with 
the aid of the GSAS software, the phases obtained were con-
firmed and compared with the crystallographic sheets Inor-
ganic Crystal Structure Database (ICSD) and Open Database 
of Crystallography (COD).

For the analysis of the electrical properties of the sam-
ples in RF, the ceramic discs had their faces covered with 
conductive silver paint to produce a capacitor. In this study, 
the conductivity and permittivity behavior are analyzed as 
a function of frequency with temperature variation to relate 
their macro and microscopic structures [21]. The tempera-
ture range used was 380º–460º C, with a frequency range 
of 1 Hz—1 MHz using the Impedance Analyzer (Solartron 
model 1260).

3 � Results and discussion

3.1 � X‑ray diffraction

Figure 1a, b presents the Rietveld refinement of the powder 
XRD patterns of the BTS and BTS40 samples. Diffracto-
gram obtained from BTS sample Fig. 1a demonstrate that 
peaks are well indexed to the tetragonal structure belonging 
to the P4bm space group (ICSD No. 15715) demonstrated 
that a single-phase was obtained.

In Fig. 1b, it is observed a significant change in the dif-
fraction pattern of BTS40, where the presence of new dif-
fraction peaks is observed, indicating that in addition to 
BTS and TiO2, there is a new crystalline phase. Rietveld 
refinement confirmed the presence of the Ba2(Ti7/9Si2/9)9O20 
(BTSO) phase in all composites and demonstrates that there 
was a reaction between BTS and TiO2. The formation reac-
tion of the BTSO phase is shown in Eq. (2):

Statistical parameters and mass fractions obtained from 
Rietveld refinement for all materials are presented in the 
Table 1. As observed in the BTS10 and BTS20 composites, 
all TiO2 added was reacted completely forming the BTSO 
phase, whereas a certain percentage of TiO2 remained in the 
compositions BTS30 and BTS40.

3.2 � RF analysis

Impedance spectroscopy is an extremely powerful technique 
that allows analyzing the electrical behavior of materials and 
obtaining important information about the structure of the 
material, its electrical nature, conduction mechanisms, etc. 
[10, 22, 23]. To analyze the electrical and dielectric proper-
ties, BTS and composites impedance spectroscopy is utilized 
from the frequency spectrum of 1 Hz–1 MHz and varying the 
temperature from 380º to 460º C. The complex dielectric per-
mittivity can be written mathematically according to Eq. (3):

where the real component of dielectric permittivity (ε’r) rep-
resents energy storage, whereas the imaginary one (ε”r) rep-
resents all losses [21, 24]. The model that showed the best 
compatibility to analyze the effects of increasing frequency 
with temperature variation on the behavior of ε’r was the 
Havriliak–Negami model [21, 22, 25], described in Eq. (5).

(2)Ba2TiSi2O8(s) + 6 TiO2(s) → Ba2
(

Ti7∕9Si2∕9
)

9
O20(s)
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= �� − j�
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r
,
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Table 1   Statistical parameters 
and mass fractions obtained 
through Rietveld refinement for 
composites

Statistical parameters Mass fraction (%) drelative (%)

RWP (%) χ2 Rbragg (%) Ba2TiSi2O8 Ba2(Ti7/9Si
2/9)9O20

TiO2

BTS 5.84 1.679 4.93 100 – – 92.81
BTS10 11.13 1.979 6.53 79.60 20.40 – 94.94
BTS20 10.47 1.877 6.47 71.07 28.93 – 92.29
BTS30 10.96 2.061 5.79 48.67 48.27 3.06 91.30
BTS40 16.06 1.564 9.28 31.31 62.03 6.66 90.61
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εrs relative static permittivity, εr∞ relative permittivity for 
high frequencies (ω → ∞), ω is the natural frequency of 
angular oscillation, and τ it's relaxation time. The values of 
α and β belong to the intervals 0 < α < 1e 0 < β < 1. 

In Fig. 2, the ε’r curves of all samples at room tempera-
ture are presented, through which it can be seen that samples 
BTS10 and BTS20 exhibit values well above 103, which 
demonstrate that these samples have colossal permittivities 
[23, 24]. Since BTS has a low permittivity value at room 
temperature [28, 29], the elevated values obtained for these 
composites could be explained due to presence to the BTSO 
phase indicating that this phase has colossal permittivity. 
These results obtained are interesting since they would 
allow to reduce the geometric measurements of capacitive 
components, applications such as random access memo-
ries, energy storage, multifunctional electronic devices, and 
sensors [5–9, 26]. The effect of temperature variation on 
permittivity in the range of 380–460 ºC is presented in the 
Supplementary Material.

Figure 3 a–e shows the imaginary impedance spectra 
(Zʹʹ) by frequency at different temperatures. It is possible 
to observe that the Zʹʹ peak moves to high frequencies with 
increasing temperature, this fact indicates a thermally acti-
vated process [30–32]. The asymmetry of the peaks and their 
broadening indicates the non-Debye nature of the samples 
this fact agrees with Eq. (4) [31, 33]. The influence of the 
temperature variation on real impedance (Zʹ) is showed in 
the Supplementary Material.

The effect of conductivity at different temperatures is 
shown in Fig. 4a, b, whereas it is observed that conductivity 
increases with temperature variation, confirming a thermally 

activated process [30, 36]. The universal power law, Eq. (7), 
describes the behavior of the samples [38–40].

σDC is the DC conductivity; A it is thermally activated quan-
tity; n is an exponent with variation 0 < n < 1.

Moreover, it is possible to observe that the increase in 
conductivity as a function of frequency occurs exponentially, 
obeying the power law, σ (ω) α ωn mentioned previously. In 
this way, the value of n expresses the physical meaning of 
the type of jump manifested by the charge carriers. That is, 
when 0 < n < 1 it means that the carriers present a transla-
tional jump movement with a sudden jump, while when n > 1 
it means that the movement of the charge carriers involves a 
localized jump without them leaving the neighborhood [30, 
33, 41]. Table 2 presents the values of σDC, A, n, and R2. 
Observing Figure and the results obtained in table, it is valid 
to infer for all samples that the movement of charge carriers 
involves translational jump movement with a sudden jump.

In Eq. (8) and (9) the Arrhenius relation was used to cal-
culate the activation energy of the samples, whereas was 
employed values of σ’ and Z”.

σ0 and f0 are the constant pre-exponential factor; fmax is the 
maximum frequency of Zʹʹ; Ea is the activation energy of the 
mobile charge carriers; k is the Boltzmann constant; T the 
temperature in Kelvin.

In the Fig. 5a–e and Table 3, it is possible to notice that 
the values of activation energy calculated by Zʹʹ and σ’ are 
close indicating that the same charge carriers are involved 
in the conduction process. Moreover, Ea decrease with the 
increase of TiO2 addition, with BTS demonstrating the high-
est value of activation energy, whereas BTS40 presents the 
lowest value. This fact could be explained due to the pres-
ence of the BTSO and TiO2 phases in the composites, it is 
emphasized that the TiO2 has a lower activation energy than 
the BTS phase [42].

4 � Nyquist analysis

To study the effects of grains, grain boundaries, and elec-
trode effects, the Nyquist diagram was used. Thus, for mod-
eling the equivalent circuits in each sample, the R (resistor) 
and CPE (constant phase element) elements were used.

(7)�total(�) = �DC + A�n,

(8)�� = �0� ⋅ e
−Ea∕kT

(9)fmax = f0 ⋅ e
−Ea∕kT

Fig. 2   Dielectric permittivity Ba2TiSi2O8 and composites at room 
temperature
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The CPE can be used in different ways within an electri-
cal circuit assuming inductor, resistor or capacitor functions 
depending on the values of n (n = – 1, 0, 1), respectively [34]. 
All curves were plotted using an equivalent circuit composed 
of two parallel R-CPE associations (see Fig. 6a) that are related 

to grain and grain boundary effects. Equation (10) allows cal-
culating the impedance of the CPE,

where q is the proportionality factor.

(10)ZCPE(�) = q−1 ⋅ (j�)−n,

Fig. 3   a–e Zʹʹ spectrum as a function of temperature for all samples
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The equivalent impedance of each loop (R-CPE) can be 
calculated according to Eq. (11),

The equivalent impedance will be the sum of the imped-
ances calculated according to Eq. (8) [35]. According to 
Fig. 6a–e it is possible to observe that the increase in tem-
perature causes the attenuation of the curves—Zʹʹ (Ω) × Zʹ 
(Ω). Table 4 presents the data obtained in the adjustments, 
whereas Rg, Pg, Rgb and Pgb refer to grain resistance, grain 

(11)

1

Z(�)
=

1

R
+ q(j�)n ⇒

Z(�) =
R + qR2�n cos

(

n�

2

)

1 + 2Rq�n cos
(

n�

2

)

+ R2q2�2n

− j

qR2�nsen
(

n�

2

)

1 + 2Rq�n cos
(

n�

2

)

+ R2q2�2n

.

capacitance, grain boundary resistance and grain boundary 
resistance capacitance, respectively.

According to Table 4, it was possible to observe that the 
value of n in the grains, in all samples was approximately 
between 0.8 ≤ n < 1, and in this case the CPE represents 
a capacitance distortion caused by the accumulation /
distribution of charge carriers or by the roughness of the 

Fig. 4   Conductivity spectrum at different temperatures of a BTS and 
b BTS40

Table 2   Fitting parameters of Jonscher’s power law for all samples in 
AC conductivity

Temperature (°C) σDC (S/cm3) A n R2

BTS
 380 1.02 × 10–4 8.63 × 10–9 0.675 0.998
 400 2.68 × 10–4 7.08 × 10–9 0.709 0.999
 420 6.55 × 10–4 1.29 × 10–9 0.835 0.995
 440 1.39 × 10–3 1.35 × 10–10 0.994 0.978
 460 2.50 × 10–3 3.42 × 10–10 0.950 0.992

BTS10
 380 1.24 × 10–5 1.51 × 10–10 0.886 0.999
 400 1.91 × 10–5 3.05 × 10–10 0.853 0.994
 420 3.09 × 10–5 7.72 × 10–10 0.803 0.996
 440 5.58 × 10–5 1.73 × 10–10 0.763 0.998
 460 9.29 × 10–5 9.29 × 10–9 0.746 0.999

BTS20
 380 1.33 × 10–5 1.71 × 10–9 0.735 0.99
 400 2.21 × 10–5 2.08 × 10–9 0.739 0.99
 420 3.52 × 10–5 3.56 × 10–9 0.715 0.99
 440 5.45 × 10–5 1.74 × 10–8 0.619 0.99
 460 8.93 × 10–5 2.15 × 10–8 0.617 0.99

BTS30
 380 6.68 × 10–6 7.46 × 10–11 0.916 0.997
 400 9.75 × 10–6 2.83 × 10–10 0.839 0.998
 420 1.32 × 10–5 1.56 × 10–9 0.734 0.999
 440 1.91 × 10–5 2.42 × 10–9 0.716 0.995
 460 2.83 × 10–5 3.57 × 10–9 0.702 0.997

BTS40
 380 1.96 × 10–5 4.80 × 10–8 0.575 0.998
 400 2.71 × 10–5 7.46 × 10–8 0.550 0.997
 420 3.42 × 10–5 1.30 × 10–7 0.518 0.998
 440 4.59 × 10–5 1.64 × 10–7 0.508 0.998
 460 6.60 × 10–5 1.39 × 10–7 0.527 0.999
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Fig. 5   a–e Activation energy obtained through the conductivity
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electrode surface [35]. Regarding the grain boundary, the 
BTS sample showed the behavior indicated above for tem-
peratures 380º–400 ºC, while at temperatures 420º–460 
ºC, the contribution of the grain boundary was in the 
range of 0.4 < n ≤ 0.6, and in this range the CPE indicates 
diffusion effects with deviations from Fick's second law 
[35]. All composites presented grain boundary values 
of 0.4 < n ≤ 0.6 in the range of 380º–460 ºC, and again 

the CPE is related to the previously mentioned diffusion 
effects [35].

Finally, it should be noted that the increase in tempera-
ture causes a decrease in the values of the grain boundary 
resistances in all the samples studied, and this effect favors 
the conduction process, as it facilitates the movement of 
charge carriers within the samples, which behavior is related 
to potential barrier lowering [30].

4.1 � TCC (temperature coefficient of capacitance)

With the objective of evaluating the behavior of the capaci-
tance variation of the material from the increase in tempera-
ture, the study of the temperature coefficient of capacitance 
(TCC) was used [30]. It is worth mentioning that the TCC 
close to zero is a relevant factor for the miniaturization of 
capacitive electronic devices [3, 26].

Table 3   Activation energy obtained by σʹ and Zʹʹ

Sample Ea/σʹ (eV) Ea/Zʹʹ (eV)

BTS 1.67 1.68
BTS10 1.15 1.20
BTS20 1.03 1.01
BTS30 0.96 0.95
BTS40 0.56 0.63

Table 4   Adjustment of 
equivalent circuit parameters 
from 380 to 460 ºC for all 
samples

Temperature (ºC) Grain Grain boundary

Rg (Ω) Pg (F) ng Rgb (Ω) Pgb (F) ngb

BTS
 380 31,159 5.4568 × 10–10 0.8192 32,634 3.0396 × 10–9 0.77997
 400 2402.2 5.2955 × 10–9 0.93526 22,210 1.1632 × 10–9 0.7608
 420 9000 1.7791 × 10–9 0.75807 1393.9 1.7191 × 10–7 0.54682
 440 4090.2 2.153 × 10–9 0.76179 1047.9 1.7203 × 10–6 0.40941
 460 2000 1.7488 × 10–9 0.80304 688.62 3.3880 × 10–7 0.47772

BTS10
 380 9.1854 × 105 3.3979 × 10–10 0.78618 1.7025 × 105 7.9735 × 10–10 0.46965
 400 5.5088 × 105 3.8393 × 10–10 0.78482 1.0039 × 105 1.1278 × 10–6 0.45606
 420 3.1994 × 105 4.1495 × 10–10 0.78777 55,731 2.4167 × 10–6 0.42845
 440 1.6937 × 105 4.4978 × 10–10 0.79099 27,299 4.0113 × 10–6 0.42183
 460 99,916 5.2410 × 10–10 0.78843 23,876 7.6534 × 10–6 0.38404

BTS20
 380 6.5378 × 105 5.1950 × 10–10 0.77694 2.3692 × 105 8.5551 × 10–7 0.45817
 400 3.8169 × 105 5.8106 × 10–10 0.77748 1.3212 × 105 1.446 × 10–6 0.45376
 420 2.3251 × 105 6.4278 × 10–10 0.77883 78,702 2.3072 × 10–6 0.45072
 440 1.4085 × 105 7.1858 × 10–10 0.77915 47,706 3.6634 × 10–6 0.44487
 460 86,664 8.0459 × 10–10 0.77886 30,690 5.7938 × 10–6 0.43456

BTS30
 380 1.7307 × 106 4.3263 × 10–10 0.77766 1.7336 × 106 1.2315 × 10–7 0.4848
 400 1.0000 × 106 4.2373 × 10–10 0.788 8.6167 × 105 1.8955 × 10–7 0.47816
 420 6.4912 × 105 4.6248 × 10–10 0.78558 4.7542 × 105 2.8347 × 10–7 0.48905
 440 4.3078 × 105 4.8083 × 10–10 0.78847 2.9428 × 105 3.7743 × 10–7 0.49393
 460 2.8274 × 105 5.1831 × 10–10 0.78971 1.8901 × 105 5.0459 × 10–7 0.49681

BTS40
 380 3.1949 × 105 2.099 × 10–9 0.72498 2.4497 × 105 2.9841 × 10–7 0.47594
 400 2.3067 × 105 2.3298 × 10–9 0.72169 1.9127 × 105 3.9098 × 10–7 0.46893
 420 1.7407 × 105 2.6283 × 10–9 0.71652 1.6282 × 105 5.1091 × 10–7 0.46046
 440 1.3189 × 105 2.8597 × 10–9 0.71381 1.3168 × 105 7.2026 × 10–7 0.4475
 460 9.7301 × 104 2.9272 × 10–9 0.71509 9.5431 × 104 9.8801 × 10–7 0.44095
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Fig. 6   A—e)—Z” x Z’ spectrum as a function of temperature for all samples
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Table 5 shows the TCC results of BTS and composites, 
calculated from 10 Hz to 1 MHz. It is possible to see that the 
TiO2 additions cause an increase in the thermal stability in 
the BTS30 and BTS40 samples since TCC values close to 
zero were obtained. For BTS30 and BTS40, it is expected to 
obtain TCC = 0 in the range between 100 kHz and 1 MHz. 
These values are important in the miniaturization of elec-
tronic devices, and therefore, it can be inferred that the addi-
tion of TiO2 caused an increase in the thermal stability of 
the composites.

5 � Conclusion

This work presents a study of the electrical properties of the 
ceramic matrix Ba2TiSi2O8 with additions of TiO2 (100-X)
Ba2TiSi2O8 – (X)TiO2 composites (X in mass units) in the 
radiofrequency region. X-ray diffraction and Rietveld’s 
refinement demonstrated the formation of Ba2(Ti7/9Si2/9)9O20 
(BTSO) phase in the composites. The study of the electrical 
properties of the samples was carried out using impedance 
spectroscopy, where it was observed that the dielectric rela-
tive permittivity (εʹr) presented colossal values for samples 
BTS10 (X = 10%) and BTS20 (X = 20%) and the relaxa-
tion phenomenon is consistent with the model of Havril-
iak–Negami. Through the analysis of the dielectric permit-
tivity and impedances, it was possible to perceive that the 
relaxation effects observed in the samples may have been 
caused Maxwell–Wagner mechanism. The study of the tem-
perature coefficient of capacitance (TCC) was carried out 
and the sample of BTS30 presented the value closest to the 
range for applications in capacitive components. Regarding 
the activation energy, a decrease in its value was noticed 
with the increase of TiO2 additions.
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