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In this study, high entropy ceramics, specifically Ba0.5-xZnxSr0.45Ca0.05TiO3 (BZSCT), were synthesized using a solid-state 
reaction process and sintered at temperatures ranging from 1150 °C to 1250 °C. The properties of these ceramics were 
found to be significantly affected by variations in the Zn content. Densification of the BZSCT ceramics was observed to occur 
at sintering temperatures exceeding 1225 °C. Notably, the crystalline phases and dielectric properties of these ceramics were 
strongly influenced by the Zn content. Three distinct secondary phases were identified in the BZSCT ceramics, including 
BaZn2.03Ti3.93O10.89, Ba2ZnTi5O13 and Zn2TiO4. The addition of Zn resulted in a shift of the Curie point to lower temperatures. 
Specifically, with Zn substitution (up to 15 at.%), a Curie point of -60 °C was observed in the BZSCT ceramics. These 
ceramics exhibited a high dielectric constant of 1035, a low dielectric loss of 0.017%, and an impressive Q value of 442 when 
sintered at 1225 °C. Moreover, when comparing the dielectric constants of BZSCT ceramics at 1 MHz and 1 GHz, it was 
noted that the permittivity was only slightly reduced by less than 30% at lower frequencies. In contrast, the permittivity of 
BST ceramics decreased significantly, by approximately 70%, at microwave frequencies. These findings highlight the unique 
properties and potential applications of BZSCT ceramics, particularly in microwave applications where they outperform 
traditional BST ceramics.
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Introduction

Barium strontium titanate (BST) has been a subject 
of significant scientific and technological interest for 
many years due to its unique dielectric properties. It 
possesses a remarkable combination of characteristics 
that allow for the realization of high dielectric constants 
and low dielectric losses simultaneously [1-4]. These 
properties make BST particularly attractive for practical 
microwave ceramics. Microwave ceramics used in 
practical applications typically require specific features 
such as intermediate values of the dielectric constant, 
low dielectric loss, large tunability, and excellent 
dielectric thermal stability [5-7]. BST ceramics fulfill 
these requirements effectively. It is widely known that 
the Curie temperature of BST, specifically Ba0.5Sr0.5TiO3, 
is approximately 250 K [8, 9]. Consequently, BST 
ceramics intended for microwave applications typically 
undergo a transition from the ferroelectric to the 
paraelectric state at temperatures well below room 
temperature [10]. This behavior is due to BST’s 

paraelectric nature at room temperature, which, coupled 
with its high dielectric tunability and relatively low loss 
at microwave frequencies, makes it an ideal material 
for microwave applications [11, 12].

Extensive research has been conducted on high-
entropy ceramics (HECs), which are derived from 
multicomponent ceramic compounds such as metallic 
oxides, nitrides, or carbides. These HECs exhibit the 
potential to form a single-phase solid solution, both 
in bulk and film forms [13-15]. The development of 
single-phase HECs has been driven by the belief that 
they possess advantageous mechanical properties due 
to significant lattice distortions and sluggish diffusion 
behavior. These characteristics make HECs suitable for 
applications that require high mechanical performance 
and phase stability at elevated temperatures [16, 
17]. Numerous studies have reported the successful 
processing and fabrication of HECs using metallic 
oxides, borides, carbides, or nitrides [18-20]. The notable 
enhancement in mechanical performance observed 
in HECs is generally attributed to the strengthening 
mechanism of the solid solution. However, it is worth 
noting that, to date, no publications have reported 
on HECs with the ABO3 perovskite structure. Most 
studies on HECs have primarily focused on phase 
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transformations and mechanical performance, without 
exploring their potential within the ABO3 perovskite 
structure.

The ferroelectric compound BaTiO3, with its perovskite-
type crystal lattice structure ABO3, demonstrates 
exceptional chemical and crystallographic adaptability. 
It exhibits a remarkable capacity to incorporate a wide 
range of metallic species as dopants or substitutional 
additions on either the A-site or B-site. This flexibility 
enables significant modifications in the ionic size, 
valence state, and concentration of the substituting 
species, thereby facilitating the formation of extensive 
solid solutions. Additionally, aliovalent substitutions 
have the potential to compensate for electronic disorder 
or lattice point defects, including electrons, holes, or 
vacancies [21-23].

This study aimed to design and synthesize a new 
high-entropy ceramic, Ba0.5-xZnxSr0.45Ca0.05TiO3 (x=0.05, 
0.10, and 0.15), with a perovskite structure using 
solid-state processing. The high-entropy phase was 
characterized and evaluated through electron microscopy 
and X-ray diffraction (XRD) analysis. The investigation 
focused on understanding the mechanism of Zn and 
Ca substitution, exploring the microwave dielectric 
properties, and examining the microstructures of the 
Ba0.5-xZnxSr0.45Ca0.05TiO3 high-entropy ceramic.

Experimental Procedure

Ba0.5-xZnxSr0.45Ca0.05TiO3 ceramics (x=0.05, 0.10, 
and 0.15) were prepared by solid oxide reaction. 
Stoichiometric titanium oxide (99.9%), barium 
carbonate (99.8%), strontium carbonate (99.9%), 
calcium carbonate (99.0%) and zinc oxide (99.9) 
powders were used as raw materials. To easy arrange 
the samples, Ba0.45Zn0.05Sr0.45Ca0.05TiO3 ceramics is 
called BZSCT-9191, Ba0.4Zn0.1Sr0.45Ca0.05TiO3 ceramics 
is called BZSCT-8291 and Ba0.35Zn0.15Sr0.45Ca0.05TiO3 
ceramics is called BZSCT-7391.

The mixtures were ball-milled, dried and calcined 
at 1100 °C for 2 h to get the BZSCT powders. To 
homogenize the powders, a mortar and pestle were 
employed along with ethanol as a medium. The resulting 
mixtures were further processed in a planetary ball mill 
utilizing yttria-stabilized zirconia balls, operating at 90 
rpm for a duration of 24 hours. Following this, the 
powders were combined with a binder additive, namely 
polyvinyl alcohol (PVA), and pressed into disk-shaped 
samples or pellets. The resulting pellets were then 
subjected to sintering in air, with temperatures ranging 
from 1150 °C to 1250 °C for a duration of 2 hours, 
utilizing a heating rate of 5 °C/min. Finally, the samples 
were cooled within the furnace. It is important to note 
that the average particle size of the initial powders after 
grinding was determined to be 5 ± 0.5 μm.

The identification of crystalline phases in the sintered 
ceramics was conducted through X-ray diffraction 

pattern analysis (XRD) using a Bruker D8A instrument 
from Germany. Cu-Kα radiation was employed, and 
the analysis covered a 2θ range of 20 to 80 degrees. 
The diffraction spectra were collected at a scan rate 
of 2 degrees per minute. The lattice parameters were 
determined using the DIFFRAC plus TOPAS version 
3.0 program. Microstructural observations of the sintered 
ceramics were carried out using a scanning electron 
microscope (SEM) model JEOL JEL-6400 from Japan, 
in conjunction with energy-dispersive spectroscopy 
(EDS). Additionally, the bulk density of the sintered 
pellets was measured using the Archimedes method. 

For dielectric property measurement, disc capacitors 
were fabricated by applying silver electrodes on both 
sides of the samples. The electrodes were dried and 
then fired at a temperature of 600 ºC for a duration 
of 10 minutes. The dielectric behavior at microwave 
frequencies was assessed using the TE01δ shielded 
cavity method, employing a network analyzer (8720ES, 
Agilent, Palo Alto, CA) and a temperature chamber 
(Delta 9023, Delta Design, Poway, CA). The temperature 
coefficient of frequency (τf) was calculated using the 
following formula: 

τf = ( f85 - f25) / [f25 × (85-25)]

where f85 and f25 are the TE01δ resonant frequencies at 
85 ºC and 25 ºC, respectively. Δf is ( f85 - f25), the 
variation of resonant frequency (GHz) and ΔT is (85 
ºC-25 ºC), the temperature range (°C)

Results and Discussion

Phase and microstructure of Ba0.5-xZnxSr0.45Ca0.05TiO3 
ceramics 

Three distinct specimens were prepared in this 
study, denoted as BZSCT-9191, BZSCT-8291, and 
BZSCT-7391. These specimens represent a significant 
advancement in the field of High-Entropy Ceramics 
(HECs). A novel high-entropy ceramic composite 
incorporating BaO, ZnO, SrO, CaO, and TiO2 was 
meticulously engineered and synthesized in situ, 
with subsequent consolidation through solid-state 
processing [24]. Fig. 1 displays the XRD patterns 
of BZSCT-9191, BZSCT-8291, and BZSCT-7391 
ceramics, all sintered at a temperature of 1225 °C. 
An in-depth analysis of the phase composition reveals 
a noteworthy achievement: BZSCT-9191 ceramics 
exhibit the formation of essentially a single-phase 
Ba0.5Sr0.5TiO3 without the presence of secondary 
phases. In contrast, BZSCT-7391 ceramics sintered 
at the same temperature display significant secondary 
phases, specifically BaZn2.03Ti3.93O10.89 and Zn2TiO4. The 
reflection peaks observed in the samples have been 
successfully indexed to a cubic perovskite structure, 
demonstrating excellent agreement with standard data 
(JCPD: 39-1395). The lattice constant was precisely 



Ying-Chieh Lee, Hui-Ju Hsu, I-Yu Huang, Huei-Jyun Shih and Christian Pithan994

determined to be a=3.9471 Å. It is well-established that 
in the temperature range below 1350 °C, the binary 
system BaTiO3-ZnO primarily comprises BaTiO3 and 
ZnO as the sole detected crystalline phases [25, 26]. 
Furthermore, previous studies have reported the limited 
solubility of ZnO in BaTiO3, which is less than 2 mol%. 
To further investigate potential shifts in XRD peaks, a 
focused examination was conducted by narrowing down 
the XRD spectra to a 2θ range of 31 ° to 35 °. It is 
evident that the (110) peak of the Ba0.5Sr0.5TiO3 phase 
has shifted to higher angles for both BZSCT-8291 and 
BZSCT-7391 ceramics. This shift in peak positions can 
be attributed to the substitution of Zn2+ for Ti4+ in the 
primitive cell of BaSrTiO3 [27]. Notably, the ionic radii 
of Ba2+, Sr2+, Ca2+, Ti4+, and Zn2+ are approximately 1.61 
Å, 1.44 Å, 1.34 Å, 0.605 Å, and 0.75 Å, respectively. As 
a result, Zn2+ may occupy the Ti4+ site in the BaSrTiO3 
primitive cell, leading to an expansion of the primitive 
cell. However, Zn2+ acts as acceptors, introducing oxygen 
vacancies to maintain electroneutrality. Consequently, 
the lattice constant decreases when oxygen vacancies 
are generated in the BZSCT ceramics. This substitution-
induced decrease in lattice constants is responsible for 
the observed shift of the peaks towards higher angles. 
These findings not only underscore the successful 
synthesis of high-entropy ceramics with single-phase 
characteristics but also provide valuable insights into 
the structural modifications induced by Zn incorporation, 

When Zn2+ substitutes Ti4+ cations on the B site, a double 
ionized oxygen vacancy is formed simultaneously, i.e.

ZnO → ZnTi˝ + Vo
•• + Oo     (1)

The BZSCT (Ba0.5-xZnxSr0.45Ca0.05TiO3) ceramics in 
this study underwent sintering in an air atmosphere 
within a temperature range of 1150 to 1250 °C for a 
duration of 2 hours. Fig. 2 illustrates the bulk density 

of the BZSCT ceramics as a function of the sintering 
temperatures. As the sintering temperature increased, the 
density of the BZSCT ceramics exhibited a progressive 
rise, reaching its peak value at 1225 °C. Specifically, 
the maximum bulk densities achieved for BZSCT-9191, 
-8291, and -7391 were 5.06, 5.20, and 5.32 g/cm3, 
respectively. It is noteworthy that the BZSCT-9191 
sample achieved approximately 95% of the theoretical 
density of Ba0.5Sr0.5TiO3

 [28].
A notable comparison between the sintering 

temperatures of BMSCT (Ba0.5-xMgxSr0.45Ca0.05TiO3) and 
BZSCT ceramics reveals a significant difference. While 
BMSCT-9191 ceramics require sintering at 1350 °C 
[29], BZSCT-9191 ceramics can achieve densification 
at a notably lower temperature of 1225 °C. This 
phenomenon can be attributed to the introduction of 
ZnO in BZSCT ceramics, which leads to a reduction in 
sintering temperatures. This reduction can be rationalized 
by the substitution of B-site Ti4+ ions with Zn2+ ions at 
the given temperature. To maintain charge neutrality in 
the system, it is plausible to suggest the formation of 
Zn2+ interstitials or oxygen vacancies.

The linear shrinkage of the BZSCT ceramics as a 
function of sintering temperatures is depicted in Fig. 
3. It is evident that the linear shrinkage increases with 
the elevation of the sintering temperature, with the 
temperature at which larger shrinkage begins being 1080 
°C for BZSCT-7391 and 1130 °C for BZSCT-9191 
and -8291, respectively. Numerous prior studies have 
consistently highlighted the significant impact of ZnO 
on the dielectric performance, microstructure, and 
sintering behavior of BaTiO3. ZnO plays a pivotal role in 
enhancing density by facilitating controlled grain growth 
of BaTiO3, while simultaneously reducing dielectric 
losses through substitution [30-32].

The SEM micrographs in Fig. 4 illustrate the 
microstructure of BZSCT ceramics sintered at 1225 °C. 
It is evident that significant densification occurs at this 

Fig. 1. XRD patterns of BZSCT-9191, -8291, -7391 ceramics 
sintered at 1225 ℃.

Fig. 2. The bulk density of BZSCT ceramics sintered at ranging 
from 1150 °C to 1250 °C.
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sintering temperature. The grain size of the BZSCT-9191, 
-8291, and -7391 ceramics sintered at 1225 °C measures 
3.50 μm, 3.01 μm, and 2.28 μm, respectively. The 
determination of grain size was accomplished using 
the linear intercept method, involving the drawing of 
three straight lines on the SEM images. Notably, there 
is a discernible trend of decreasing grain size with the 
addition of ZnO.

Traditionally, Zn doping has been associated with 
grain growth in Barium Strontium Titanate (BST) 
ceramics, and the inclusion of ZnO in ceramic BaTiO3 
has been reported to increase the density and grain 
size of the sintered bodies [33]. However, the findings 
from this study suggest a different scenario, where the 
addition of ZnO appears to suppress grain growth. This 
behavior indicates that zinc functions as an acceptor-
type dopant at grain boundaries in the context of this 
study. Comparing the grain sizes of specimens between 
BMSCT ceramics sintered at 1350 °C and BZSCT 
ceramics sintered at 1225 °C, it is evident that the 
grain sizes for BMSCT and BZSCT are 2.4 μm and 
3.5 μm, respectively [29]. This discrepancy can be 
attributed to the distinct processing conditions of the 
BZSCT ceramics. Specifically, the BZSCT ceramics are 
processed through sintering of powder compacts with 
the presence of liquid phases at the elevated temperature 
of 1225 °C. 

Detailed microstructural analysis of BZSCT-9191 
ceramics sintered at 1225 °C was conducted using 
Transmission Electron Microscopy (TEM), as depicted 
in Fig. 5. Fig. 5(a) presents TEM images captured 
from different positions within the specimens, while 
Fig. 5(b), 5(c), and 5(d) show the corresponding 
electron diffraction patterns. The electron diffraction 
patterns revealed that matrix grains corresponded to 
the Ba0.5Sr0.5TiO3 phase, as demonstrated in Fig. 5(b). 
Additionally, secondary phase grains were identified as 
belonging to the BaZn2.03Ti3.93O10.89 phase, as shown in 
Fig. 5(c). Furthermore, another secondary phase was 

observed at the triple junctions of the Ba0.5Sr0.5TiO3 
(BST) grains, which was identified as Ba2ZnTi5O13, as 
illustrated in Fig. 5(d). The refined lattice parameters for 
the Ba2ZnTi5O13 compound were determined to be a= 
15.2822 Å, b=3.8977 Å, c=9.1398 Å, β=98.769°, and 
Z=2 [34]. These findings suggest that the incorporation 
of ZnO into the BST structure is constrained by its 
solubility at elevated temperatures. Due to the relatively 
smaller ionic radius of Zn2+ compared to the A-site 
cations, ZnO tends to selectively replace Ti4+ ions, 

Fig. 3. Thermal analysis curve graph of BZSCT-9191, -8291, 
-7391 powders.

Fig. 4. SEM micrographs of BZSCT ceramics sintered at 1225 
°C (a) 9191 (b) 8291 (c) 7391.
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aligning with previous research on the topic [35].
Additionally, TEM analysis was performed on 

BZSCT-8291 ceramics sintered at 1225 °C, as displayed 
in Fig. 6. Fig. 6(a) exhibits TEM images from different 
positions within the specimens, while Fig. 6(b), (c), 
and (d) show the corresponding electron diffraction 
patterns. The analysis of electron diffraction patterns 
revealed that positions A, B, and C corresponded to the 
phases Ba0.5Sr0.5TiO3, BaZn2.03Ti3.93O10.89, and Zn2TiO4, 
respectively, as depicted in Fig. 6(b), (c), and (d). It is 
evident that the primary phase in these ceramics was 
the Ba0.5Sr0.5TiO3 phase, with secondary phases identified 
as BaZn2.03Ti3.93O10.89 and Zn2TiO4. The orthotitanate 
Zn2TiO4 was found to possess a spinel structure with 
a space group of Fd-3m, where Zn2+ cations occupy 
the 8a and 16d sites, Ti4+ cations occupy the 16d sites, 
and oxygen occupies the 32e site [36]. Furthermore, 
the formation of Zn2TiO4 can occur when the ZnO-
TiO2 solid solution reaches a stoichiometric (2:1 mol%) 
ratio [37]. It is noteworthy that the secondary phases 

observed in BZSCT-9191 and BZSCT-8291 ceramics 
were Ba2ZnTi5O13 and Zn2TiO4, respectively. This 
variation may be attributed to the higher ZnO content in 
the BZSCT specimens, which promotes the formation of 
the Zn2TiO4 phase. This can be explained by the excess 
ZnO present in the grain boundaries. In situations where 
excessive ZnO exists, Ti4+ may segregate towards the 
grain boundaries when substituted by Zn2+, and Zn2+ will 
precipitate into the grain boundaries when significant 
lattice distortion occurs.

Furthermore, the solubility limit of Zn in BST is 
limited to less than 2.0 mol%. Excess ZnO in the 
BZSCT ceramics system can lead to the formation 
of the Zn2TiO4 secondary phase at 1225 °C [38]. The 
study highlights that BZSCT ceramics do not retain 
a single-phase state at elevated temperatures. Instead, 
the formation or transformation of phases depends on 
atomic diffusion, necessitating coordinated migration 
of cations and anions to achieve equilibrium among 
the participating phases. In situations with numerous 

Fig. 5. TEM micrographs of BZSCT-9191 ceramics sintered at 1225 °C (a) TEM microstructure (b) selected-area electron diffraction 
of A position (c) selected-area electron diffraction of B position (d) selected-area electron diffraction of C position.
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substituting cations and a high concentration, such as 
in high-entropy ceramics (HECs) [39], the extensive 
formation of solid solutions may hinder atomic mobility 
and potentially limit effective diffusion rates.

Dielectric properties of Ba0.5-xZnxSr0.45Ca0.05TiO3 
ceramics

Figure 7 illustrates the correlation between temperature 
and fixed frequency permittivity data at 1 MHz for 
specimens sintered at a temperature of 1225 °C. The 
Curie temperature (Tc) values for BZSCT-9191, -8291, 
and -7391 ceramics are -35 °C, -48 °C, and -60 °C, 
respectively. It is noteworthy that an incremental change 
in the Curie point becomes apparent as the value of 
‘x’ increases. Specifically, elevating the ‘x’ value from 
0.05 to 0.15 results in variations in the grain size of the 
specimens sintered at 1225 °C. This phenomenon can be 
attributed to the increase in Zn content, which implies 
a reduction in the Ba content and a proportional rise 

Fig. 6. TEM micrographs of BZSCT-8291 ceramics sintered at 1225 °C (a) TEM microstructure (b) selected-area electron diffraction 
of A position (c) selected-area electron diffraction of B position (d) selected-area electron diffraction of C position.

Fig. 7. The dielectric properties of BZSCT ceramics sintered 
at 1225 °C (a) permittivity and (b) dielectric loss. (measured 
at 1 MHz).
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in Sr content. Consequently, the Ba/Sr ratio decreases 
within the Ba0.5-xZnxSr0.45Ca0.05TiO3 system.

Barium Strontium Titanate (BST) belongs to the 
perovskite family, featuring an ABX3 crystal structure. It 
shares crystalline characteristics with typical perovskites, 
primarily exhibiting a cubic nature. Its chemical formula 
is represented as (Ba1−xSrxTiO3) [40, 41]. Above the 
Curie temperature, BST compounds experience a 
transition from the ferroelectric phase to the paraelectric 
phase, characterized by a cubic crystal structure [42] 
Ba1−xSrxTiO3 demonstrates both tetragonal and cubic 
phases, with their presence being contingent on the Ba/
Sr ratio and temperature conditions. It is observed that 
the ferroelectric state (tetragonal phase) prevails below 
the Curie temperature, while the paraelectric state (cubic 
phase) manifests above the Curie temperature [43]. 
Therefore, it is reasonable to infer that the introduction 
of more Zn leads to a shift in the Curie point towards 
lower temperatures.

The dielectric properties of BZSCT ceramics were 
investigated with respect to sintering temperatures and 
zinc oxide (ZnO) content at a frequency of 1 MHz, as 
depicted in Fig. 8(a). Notably, the dielectric constant 
exhibited an upward trend as sintering temperatures 
increased within the range of 1150 °C to 1250 °C. 
This behavior mirrors the relationship observed between 
bulk density and sintering temperatures. Importantly, it 
was observed that the dielectric constant significantly 
decreased with an increase in ZnO content within the 
BZSCT ceramics. For instance, the dielectric constant 
(εr) values for BZSCT-9191, -8291, and -7391 ceramics 
sintered at 1225 °C were measured as 1195, 1035, and 
735, respectively. Comparatively, the dielectric constant 
of pure BST ceramic at 1350 °C was 1650, surpassing 
that of the BZSCT ceramics. This decrease in dielectric 
constant in BST ceramics is likely attributed to the 
restriction of grain growth induced by Zn doping.

It is worth noting that the addition of calcium in 
BST ceramics can also lead to a reduction in the 
dielectric constant. A study by Hanting Dong et al. 
[44] investigated the effects of calcium additions 
and various addition methods on the microstructure, 
dielectric properties, and tunability of BSCT ceramics. 
They observed a significant reduction in the dielectric 
constant, from approximately 2800 to around 1500, upon 
the incorporation of calcium. Furthermore, the presence 
of secondary phases in BZSCT ceramics, as indicated 
in this study, has a substantial impact on the dielectric 
constant [45, 46].

Figure 8(b) illustrates the variations in dielectric loss 
observed across the BZSCT ceramics sintered within a 
temperature range of 1150 °C to 1250 °C. The dielectric 
loss decreased with increasing sintering temperatures, 
reaching a minimum at 1225 °C, followed by a sudden 
increase at 1250 °C. For BZSCT-9191, -8291, and 
-7391 ceramics sintered at 1225 °C, the dielectric loss 
values were measured as 2.2×10-3, 1.7×10-3, and 1.5 

×10-3, respectively. In comparison to pure BST, which 
exhibited a dielectric loss of 1.3×10-3 [29], the dielectric 
loss of BST was lower than that of BZSCT ceramics. 
It is widely acknowledged that the presence of oxygen 
vacancies and other defects can contribute to increased 
dielectric losses. Therefore, to achieve the purest form 
of BST with minimal dielectric loss, efforts to mitigate 
such defects are essential.

Table 1 presents dielectric constant (εr) values of 
BZSCT ceramics sintered at 1225 °C, measured at room 
temperature and 1.3 GHz. Specifically, the εr values 
for BST, BZSCT-9191, BZSCT-9182, and BZSCT-7391 
ceramics sintered at 1225 °C are 509, 896, 736, and 
584, respectively. Notably, at this sintering temperature, 
BZSCT-9191 ceramics exhibit a significantly higher 
dielectric constant than the other ceramics at microwave 
frequencies. Comparing the dielectric constant values at 
1 MHz and 1.3 GHz, we observe that the permittivity 
of BZSCT ceramics experiences a decrease of less 
than 30%, whereas the pure BST ceramics exhibit a 
drastic reduction of approximately 70% at microwave 
frequencies. This decrease is a well-known phenomenon 
in dielectric materials, where the dielectric constant 

Fig. 8. Temperature coefficient of capacitance for BZSCT 
ceramics sintered at 1225 °C.
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typically decreases with increasing frequency due to the 
reduction of space charge polarization effects. However, 
at lower frequencies, a higher dielectric constant is 
observed, attributed to the presence of space charge 
polarization at grain boundaries, creating a potential 
barrier [47].

The quality factor (Q factor) values for BST 
and BZSCT ceramics were also measured at room 
temperature and 1.3 GHz, as summarized in Table 1. 
For BST, BZSCT-9191, -8291, and -7391 ceramics 
sintered at 1225 °C, the Q factor values are 323, 378, 
442, and 602, respectively. A higher Q factor indicates 
lower dielectric loss (Q = 1/tanδ). In this investigation, 
it is noteworthy that BZSCT-7391 ceramics exhibit 
the lowest Q value, implying the presence of more 
second phases in this material, as confirmed by XRD 
analysis (Fig. 1). One such phase, Zn2TiO4, is likely 
contributing to the higher Q value observed in BZSCT 
ceramics [48]. However, it is important to note that 
the temperature coefficient of resonant frequency (τf) 
values for BZSCT-9191, -8291, and -7391 ceramics 
at a sintering temperature of 1225 °C are 1641, 1891, 
and 3432, respectively. This outcome indicates that 
excessive ZnO addition in BZSCT ceramics leads to 
higher τf values. 

Conclusions

We synthesized Ba0.45Zng0.05Sr0.5-xCaxTiO3 (x=0.05, 
0.10 and 0.15) high entropy ceramics through a solid-
state reaction method, followed by densification at 1225 
°C. The introduction of zinc as an acceptor, replacing 
titanium on the B-site within the perovskite ABO3 
structure, resulted in a notable shift of the Curie point 
to lower temperatures and a significant alteration in 
dielectric properties. This shift in properties can be 
attributed to the formation of three distinct secondary 
phases: BaZn2.03Ti3.93O10.89, Ba2ZnTi5O13 and Zn2TiO4 
within the specimens. Additionally, in the case of 
BZSCT-9191 ceramics, the presence of the Ba2ZnTi5O13 
phase was observed in certain regions within the BST 
grains, leading to the formation of secondary phases 
at the triple-junction positions. Notably, BZSCT-8291 
ceramics sintered at 1225 °C exhibited superior microwave 
dielectric properties, characterized by a permittivity of 
736 and a Q factor of 442 at 1.3 GHz. Comparing the 

dielectric constants at 1 MHz and 1 GHz, it is evident 
that the permittivity of BZSCT ceramics experiences a 
modest decrease of less than 30% at lower frequencies. 
In contrast, pure BST ceramics exhibited a substantial 
reduction of approximately 70% at microwave 
frequencies. This behavior is in line with the typical 
trend of dielectric ceramics, where the dielectric constant 
decreases with increasing frequency, primarily due to 
the diminishing space charge polarization effects. 
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