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A B S T R A C T   

TiSnNbTaGa2O12 (TSNTGO) high–entropy dielectric ceramic was successful synthesized using the solid-state 
reaction method. X–ray diffraction (XRD), Rietveld refinement and transmission electron microscopy (TEM) 
were used to verify that all samples have rutile structure of P42–mnm space group. The analysis of Raman spectra 
proved that the εr exhibited a contrary changing trend as that of Raman shift near 822 cm− 1, and the same similar 
relationship occurred between Q×f values and full width at half maximum (FWHM). The exploration of complex 
chemical bonding theory (P–V–L theory) for TSNTGO ceramics suggested that the bond ionicity played a 
dominant role in εr, while Q×f and τf were primarily determined by lattice energy and bond energy, respectively. 
Notably, the TSNTGO ceramics sintered at 1275 ℃ demonstrated optimal microwave dielectric properties of εr =

33.62 ± 0.03, Q×f = 51,832 ± 1000 GHz (f0 = 6.4 GHz), and τf = –0.38 ± 0.16 ppm/℃.   

1. Introduction 

With the increasing number of mobile communication users, the 
microwave frequency band has become an important part of the mobile 
communication field, as it offers high transmission speed and large 
communication capacity [1–4]. Microwave communication technology 
was favored for its advantages of long communication distance, high 
communication quality, and not requiring specialized communication 
media [5–7]. Microwave dielectric ceramic is a type of functional ma
terial that must possess microwave dielectric properties in addition to 
certain physical properties [8–10]. Specifically, the dielectric constant 
(εr) should be large to enable device miniaturization, the quality factor 
(Q×f) should be high to ensure outstanding frequency selectivity of the 
material, and the temperature coefficient of resonance frequency (τf) 
should be near zero to achieve high thermal stability, which are key 
factors in evaluating the performance of ceramic materials [11,12]. 

Notably, Ga-based ceramics have demonstrated excellent dielectric 
properties [13,14]. For instance, Chen et al. reported that LiGaO2 ce
ramics sintered at 1240 ℃ possessed dielectric properties of εr = 5.82, 
Q×f = 24,500 GHz, and τf = –74.3 ppm/℃ [13]. Similarly, Ma et al. 
found that excellent dielectric properties (11.8 of εr, − 32 ppm/℃ of τf, 

and 32,500 GHz of Q×f) were achieved for SrLaGa3O7 ceramics sintered 
at 1425 ℃ [14]. However, due to their high τf value, the aforementioned 
Ga–based ceramics can not be used in practical applications. In recent 
years, high–entropy oxides (HEOs) [15] have been gradually applied in 
microwave dielectric ceramics, and their special structures with 
single-phase or solid-phase solutions were considered to optimize 
certain properties [16,17]. For case, Xiang et al. [18] reported that su
perior microwave dielectric performance of εr = 9.0, Q×f = 11,700 GHz 
(12.6 GHz), and τf = –7.4 ppm/℃ were acquired for Li 
(Gd0.2Ho0.2Er0.2Yb0.2Lu0.2)GeO4 high–entropy ceramics. Similarly, Lin 
et al. [19] reported another high-entropy microwave dielectric ceramic 
Sr(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)AlO4 with εr = 18.6, Q×f = 14,509 GHz, τf 
= –6 ppm /◦C. Related studies have demonstrated that a new technique 
for bringing the τf value near zero can be achieved by combining high
–entropy compositional architecture with dielectric ceramics. Although 
the τf values of the Li(Gd₀.₂Ho₀.₂Er₀.₂Yb₀.₂Lu₀.₂)GeO₄ and Sr 
(La₀.₂Nd₀.₂Sm₀.₂Eu₀.₂Gd₀.₂)AlO₄ high–entropy ceramics were respect
able, their possibilities for development were limited by their low Q×f 
values. The need to find a high–entropy ceramic with a superior Q×f 
value and a near-zero τf value arises as a result. It has been discovered 
that TiSnNbTaGa2O12 possesses a high Q×f value and a near-zero τf 
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value during the exploration of new high-entropy ceramics. The pho
toelectric performance of the high–entropy oxide TiSnNbTaGa2O12 
(TSNTGO) has only been examined, however, its dielectric properties 
have not yet been researched [20]. Therefore, a series of TiSnNbTa
Ga2O12 ceramics were prepared, and the internal and external factors 
affecting dielectric properties were investigated in detail. 

In this work, high–entropy microwave ceramic named TiSnNbTa
Ga2O12 was synthesized through conventional solid-state reaction 
method, aiming to examine its dielectric properties. The comprehensive 
analyses, including XRD, TEM, Rietveld refinement, Raman spectros
copy, and XPS were applied to investigate the crystal structure, micro
structure, and dielectric properties of TiSnNbTaGa2O12 ceramics. 
Furthermore, this work utilized the P–V–L theory to explore the corre
lation between the chemical bonds and dielectric properties of TSNTGO 
ceramics comprehensively. The primary objective was to offer both 
theoretical and practical insight into optimizing the performance of 
dielectric ceramics through analyzing the dielectric characteristics of 
TSNTGO ceramic materials. 

2. Experimental procedures 

A high–entropy dielectric ceramic with the chemical formula 
TiSnNbTaGa2O12 was synthesized using the solid-state reaction method. 
The starting materials including TiO2, SnO2, Nb2O5, Ta2O5, and Ga2O3 
(purity > 99.9%, Aladdin, China) were weighed according to their 
stoichiometric ratios. The raw materials were wet-milled for 12 h with 
zirconia balls and deionized water, followed by drying at 85 ℃ and 

calcining at 1300 ℃ for 6 h in a muffle furnace to obtain the pure 
TSNTGO phase. Next, for lowering the sintering temperature (S.T.), 3 wt 
% MnCO3 was added into the ceramic samples for secondary ball- 
milling. The detailed process of secondary ball-milling was to ball-mill 
the calcined powders and 3 wt% MnCO3 using alcohol and zirconia 
ball for 12 h, and then the mixtures were dried in a drying oven at 85 ℃ 
for 20 h. Following the production of the dried powders, an even dis
tribution was achieved by blending it with 8 wt% polyvinyl alcohol 
(PVA). To prepare cylindrical pillars with 15 mm × 8 mm, the powders 
were compressed using hydraulic press and tabletting die. Lastly, the 
compacted pillars underwent a sintering process in a muffle furnace 
within a temperature range of 1250–1350 ℃ for 4 h. 

The apparent density was obtained by the Archimedes principle. The 
composition of TSNTGO ceramics was determined and refined using X- 
ray diffraction (XRD, Micro 600, Japan) and GSAS software, respec
tively. The test parameters were set as follows: the scanning angle range 
(2θ) was 20–80 ◦, the step angle was 0.04, and the sampling time of each 
step was 6 s. Raman spectroscopy (Renishaw, UK, 532 nm) and X-ray 
photoelectron spectroscopy (XPS, VG Scientific, ESCALAB 250) were 
employed to examine the internal lattice vibrations and chemical 
valence states of TSNTGO ceramics, respectively. A scanning electron 
microscope (SEM, su1510, Hitachi, Japan) was utilized for inspecting 
the microstructure of thermal-etched TSNTGO ceramics. The cross- 
sections of the samples were polished and then thermally etched at a 
sintering temperature of 30 ℃ below the sintering temperature. Nano 
Measurer software was used to calculate the average grain size (AG). The 
εr and Q×f values were assessed using an Agilent E8363B network 

Fig. 1. (a) The XRD patterns of TSNTGO ceramics; (b) The amplified XRD patterns at 55–57◦; (c) The Rietveld refinement patterns of TSNTGO ceramics sintered at 
1275 ℃; (d) Structure diagram of TSNTGO ceramics. 
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analyzer. Ultimately, the τf value was ascertained through the given 
formula at resonance frequencies of 20 ◦C and 80 ◦C: 

τf =
f80 − f20

f20 × (80 − 20)
× 106(ppm

/

℃) (1)  

where f80 and f20 were the resonant frequency at 80 ◦C and 20 ◦C, 
respectively. 

3. Results and discussion 

The XRD patterns were recorded in Fig. 1(a), where all XRD 
diffraction peaks were compared with those of MgF2 (PDF: 
01–071–4795) to confirm the phase structure. The results indicated that 
all samples presented the pure phase and rutile structure with space 
group P42–mnm [20]. Fig. 1(b) demonstrated that the diffraction peak 
shifted towards a lower angle as increased sintering temperature. This 
phenomenon could be attributed to the expansion of the lattice, which 
led to an increase in cell volume [21]. Refined patterns of the TSNTGO 
ceramics sintered at 1275 ℃ and the corresponding lattice parameters at 
different sintering temperatures were illustrated in Fig. 1(c) and Table 1, 
respectively. As depicted in Fig. 1(c), the Rietveld refinement patterns of 
the sample sintered at 1275 ℃ exhibited excellent structural stability 
and a good fit for all diffraction peaks. The data acquired from Table 1 
reflected that the R factors for all TSNTGO ceramics were below 10%, 
indicating a high level of precision in this finding. The crystal structure 
of MgF2 was used as a model for the Rietveld refinement of TSNTGO 
ceramics [22], as depicted in Fig. 1(d). The oxygen octahedron was 
formed by the arrangement of O anions surrounding the Ti/Sn/Nb/
Ta/Ga cations in the center. 

Fig. 2(a)–(b) depict the selected area electron diffraction (SAED) and 
high resolution transmission electron microscope (HRTEM) images of 
TSNTGO ceramics. Fig. 2(b) displays two interplanar spacings of 2.49 Å 
and 2.19 Å, corresponding to the (101) and (111) crystal planes of 
tetragonal rutile structure. The same atomic arrangement law as the 
crystal structure could be observed from the HRTEM map. The TEM 
results further proved the conclusion of XRD, and the TSNTGO ceramic 
obtained in this work was determined to be a tetragonal rutile structure 
with space group P42-mnm. Among them, the P42–mnm space group 
was similar to magnesium fluoride, consistent with the observational 
results [23]. Fig. 2(c) shows the relative density of TSNTGO ceramics 
after sintering at 1250–1350 ℃. At 1275 ℃, a maximum value of 
97.72% was acquired for relative density, while a decline in relative 
density was observed between 1275 ℃ and 1350 ℃. Moreover, all 
samples exhibited a typical compactness with a relative density greater 
than 96.6%, and the relative density presented a strictly identical trend 
as that of Q×f value, establishing that densification played a positive 
role in influencing the dielectric properties. 

Fig. S1 displays the SEM images of polished and thermal-etched 
TSNTGO ceramics and the corresponding average grain sizes. With an 
increase of sintering temperature, the grain size of TSNTGO ceramics 
grew from 1.04 µm to 1.68 µm. At 1275 ◦C, the samples demonstrated a 
favorable dense microstructure, and characterized by noticeably uni
form grains, as shown in Fig. 2(d). The corresponding increase in rela
tive density aligned with the changes observed in the Q×f value of the 

samples sintered at 1250–1275 ℃. At this time, both grain size and 
relative density played a positive role in determining the Q×f value. 
However, when the sintering temperature exceeded 1275 ◦C, the inho
mogeneous grain growth distribution caused a decrease in density, 
resulting in a continuous decline in dielectric properties. 

Fig. 3 displays the XPS spectrum obtained after sintering the 
TSNTGO ceramic at 1275 ℃, along with the results of peak division 
simulation for each metal element. All peaks had been calibrated using 
the C 1 s peak at 284.8 eV. As shown in Fig. 3(b), the absorption bands in 
the oxygen octahedron formed by Ti and six oxygen atoms were divided 
into two series of 2p3/2 and 2p1/2. The energy positions of Ti atom were 
consistent with that of Ti in titanium dioxide, indicating the existence of 
Ti4+ in TSNTGO ceramic [24]. Fig. 3(c) illustrates the spectrum of Sn in 
TSNTGO ceramic. The Sn 3d spectrum exhibited two peaks of 3d5/2 and 
3d3/2 at 486.23 eV and 494.73 eV, respectively. This observation was 
consistent with the finding reported by K. Mašek et al. [25], which 
confirmed the existence of Sn4+ in a compound form in the sample. The 
spin orbital splitting of Nb atom occurred at binding energies of 
209.83 eV and 207.03 eV [26], resulting in the formation of corre
sponding peaks of Nb 3d3/2 and Nb 3d5/2. Additionally, the XPS spec
trum of Ta shows two weakly bound binding energy (BE) peaks, located 
in the Ta 4 f5/2 series with a binding energy near 25.93 eV and the Ta 
4 f7/2 series with a binding energy near 19.73 eV, respectively [27,28]. 
These results confirmed the presence of Nb5+ and Ta5+ in TSNTGO 
ceramic. The fitted XPS spectrum depicted the distinct peaks associated 
with Ga 2p3/2 and Ga 2p1/2, exhibiting binding energies at 1117.83 eV 
and 1144.73 eV, correspondingly. The difference in their binding en
ergies of 26.9 eV was consistent with the reference value, which was 
indexed to Ga3+ [29]. Therefore, the chemical valence states of cations 
such as Ti, Sn, Nb, Ta, and Ga in TSNTGO ceramics were determined to 
be +4, +4, +5, +5, and +3, respectively. XPS analysis showed that no 
abnormal valence elements existed in the TSNTGO ceramics affecting 
the structure and dielectric properties. 

As illustrated in Fig. 4(a), The Raman spectra of TSNTGO ceramics 
exhibit the similar curve profiles, indicating that the samples exhibit 
structural stability at different temperatures. Fig. 4(b) presents the re
sults of Gaussian fitting of the Raman spectra, which revealed the 
presence of seven Raman modes. Some peaks were not observed, 
possibly due to the weak intensity of certain Raman modes in the sample 
or the low instrument resolution [30]. The peak near 87 cm− 1 was 
attributed to the shift of the oxygen octahedron [31], while the rota
tional mode of the cation was responsible for the peaks near 128 cm− 1 

[31]. The vibrational stretching of the Nb–O bond was observed around 
263 cm− 1 [32]. The internal motions of the GaO4 tetrahedron accounted 
for the Raman peaks within the range of 300–600 cm− 1 [33], whereas 
the vibrational peak in proximity to 663 cm− 1 resulted from the 
tension-induced vibrational mode of the Ti–O bond in the TaO6 octa
hedral structure [34]. The vibrational mode peak observed at approxi
mately 822 cm− 1 was related to the symmetric oscillation of the Ta–O 
bond in the TaO6 octahedral structure [34]. Overall, the results of 
Raman analyses demonstrated the structural stability of the TSNTGO 
ceramics and provided valuable insights into the vibrational modes and 
structural properties of the materials. 

Fig. 5 illustrates the dielectric properties of TSNTGO ceramics sin
tered at 1250–1350 ℃. Raman spectroscopy could be widely used to 
analyze the εr and Q×f [35,36]. There were some changes in the Raman 
peaks of TaO6 oxygen octahedron near 822 cm− 1 at different sintering 
temperatures. It was found that as the sintering temperature increased, 
the εr showed a contrary changing trend as that of Raman shift, and the 
same similar relationship occurred between Q×f values and FWHM, 
which was consistent with the report by Cai et al. [35]. Dielectric con
stant was correlated with the rigidity of the oxygen octahedron, which 
was the internal bond strength. It was reported that, the low-angular 
displacement of the Raman peak indicated that the oxygen octahedron 
decreased in rigidity, corresponding to the increase of dielectric constant 
[36]. As depicted in Fig. 5(a), the εr initially increased from 32.81 to 

Table 1 
The lattice parameters and refinement data of TSNTGO ceramics after refine
ment treatment.  

S.T. 1250 ℃ 1275 ℃ 1300 ℃ 1325 ℃ 1350 ℃ 

a=b (Å)  4.65606  4.66041  4.66092  4.66093  4.66098 
c (Å)  3.0446  3.045  3.04533  3.04533  3.04536 
Vcell (Å3)  66.003598  66.135638  66.157288  66.157572  66.159646 
Rwp (%)  7.96  7.76  8.09  8.72  8.83 
Rp (%)  6.74  6.58  6.82  7.09  7.14 
χ2  1.664  1.617  1.683  1.783  1.803  
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Fig. 2. (a) The SAED pattern of TSNTGO ceramics; (b) The HRTEM image of TSNTGO ceramics; (c) The relative density of TSNTGO ceramics; (d) SEM image of 
TSNTGO ceramics sintered at 1275 ◦C. 

Fig. 3. XPS spectra of the TSNTGO ceramics sintered at 1275 ℃ with (a) full spectrum, (b) Ti 2p, (c) Sn 3d, (d) Nb 3d, (e) Ta 4 f, and (f) Ga 2p.  
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33.62, and then decreased to 33.03, exhibiting an opposite changing 
trend as that of Raman shift. As depicted in Fig. 5(b), the τf value varied 
within the range of − 0.38 to − 4.61 ppm/℃, illustrating that the vari
ation of temperature had no significant influences on the τf value of 
TSNTGO ceramics. Fig. 5(c) reveals that the Q×f value initially 
increased from 41,105 GHz to 51,832 GHz due to the combined effect of 

densification and FWHM, and then decreased with sintering tempera
ture. SEM images revealed that the decrease in density was caused by 
excessive combustion, thereby damaging the Q×f value. Additionally, 
an increase in the FWHM was found to correspond to an increase in the 
damping coefficient, resulting in a decrease in Q×f value [35]. 

An examination of the connection between dielectric properties and 
the characteristics of chemical bonds in TSNTGO ceramics was con
ducted based on the chemical bond theory. Table S1 presents the lattice 
energy (Ub), bond energy (Eb), and thermal expansion coefficient (αL) of 
TSNTGO ceramics sintered at the temperature range of 1250–1350 ◦C.  
Fig. 6 depicts the fi, Eb, and Ub for various bonds in TSNTGO ceramics 
sintered at 1275 ◦C. All formulas and detailed calculation results ob
tained from P–V–L theory could be found in the Tables S1–S11. 

The stability of the crystal structure was determined by the Eb and αL 
[8]. Generally, a more stable crystal structure resulted in a higher Eb 
value, a lower αL value, and a smaller the absolute value of τf. τf was 
closely related to both Eb and αL for all samples. However, when the 
sintering temperature exceeded 1275 ◦C, the crystal structure became 
distorted and less stable, weakening the chemical bonds and causing the 
absolute value of τf to increase. From Tables S2–S11 and Fig. 6(a), the 
results revealed that the Nb-O bond contributed to 27.40% of the total 
Eb, playing a crucial role in regulating τf value. 

Ub was general considered as a parameter, which was proportional to 
the Q×f value [8]. As demonstrated in Table S1, the Ub value of TSNTGO 
ceramics sintered at 1250–1350 ◦C displays a pattern of initially 
increasing followed by decreasing, which is consistent with the variation 
trend of Q×f value. According to the XRD and SEM analyses, it was 
found that all ceramic samples were pure phase and had high density. As 
a result, the Q×f value was predominantly affected by inherent losses. 
Typically, a more stable crystal structure led to a higher Ub, which in 
turn resulted in lower inherent and internal losses in sintered ceramics. 
As depicted in Fig. 6(b), a comparison of the contribution ratios of all 
bonds to the Ub value revealed that both the Ub of Ta–O and Nb–O bonds 
each accounted for the largest proportion of 22.83%. This finding 
indicated that Ta–O and Nb–O bonds played a crucial role in reducing 
internal loss and enhancing the Q×f value of TSNTGO ceramics. As 
illustrated in Fig. 6(c), comparison of the fi values found that fi(Ga–O) 
was the largest in all bond ionicity, indicating that the Ga–O bond had a 
great influence on the εr. The changing law of Q×f and τf obtained in this 
work were in good agreement with that of P–V–L theoretical calculation 
results, which once again proved the reliability of analyzing the 
dielectric properties of TSNTGO ceramics by chemical bonds. 

The dielectric properties of Ga–based dielectric ceramics and high
–entropy ceramics are presented in Table 2. Generally, it is crucial to 
possess a higher Q×f value for dielectric ceramics in practical 

Fig. 4. (a) The Raman spectra of TSNTGO ceramics sintered at different temperatures; (b) the Gauss-Lorenzian deconvolution for TSNTGO ceramics sintered 
at 1275 ℃. 

Fig. 5. (a) εr and Raman shift, (b) τf values, (c) Q×f values and FWHM of the 
TSNTGO ceramics as a function of the sintering temperatures. 

L. Xiao et al.                                                                                                                                                                                                                                     



Journal of the European Ceramic Society 44 (2024) 277–283

282

applications, also making sure that the τf value is near zero. Although 
ZnGa2O4 and LiMg0.5Ti0.5Ga4O8 ceramics possessed high Q×f value, 
their large τf values restricted their practical applications. The dielectric 
properties of Li(Gd0.2Ho0.2Er0.2Yb0.2Lu0.2)GeO4 + 3%H3BO3 and Sr 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)AlO4 ceramics reveal that high–entropy ce
ramics might be heralded as novel contender materials for microwave 
dielectric ceramics. It could be seen that other types of ceramics, as 
shown in Table 2, had some shortcomings in τf value, which need further 
improvement before they could be applied and produced. Conversely, 
TSNTGO ceramics exhibited desirable characteristics, including a high 
Q×f value and near-zero τf value, as well as a satisfying permittivity of 
32 – 34. This demonstrated the potential of TSNTGO ceramics as 
candidate materials in communication applications. 

4. Conclusions 

A developed TSNTGO ceramic material with a near–zero τf value was 
produced using the solid–state reaction technique. The analyses of XRD, 
Rietveld refinement, and TEM confirmed that TSNTGO ceramics 
belonged to the rutile structure with a P42-mnm space group, and no 
secondary phase was detected in the samples. XPS analysis showed that 
the chemical valence states of Ti, Sn, Nb, Ta and Ga in TSNTGO ceramics 
were +4, +4, +5, +5 and +3, respectively, without any additional 
valence states. The results of SEM analysis demonstrated that TSNTGO 
ceramics possessed the highest density and homogeneous grain growth 
at 1275 ◦C. The increase in relative density contributed positively to the 
enhancement of the microwave dielectric properties for TSNTGO ce
ramics, achieving an optimal value of 97.72% at 1275 ◦C. Raman 
spectroscopy could be employed not only to investigate the crystal 
structure, but also to explore the dielectric properties of TSNTGO ce
ramics. The dielectric constant was found to be inversely proportional to 
Raman shift near 822 cm− 1. The Q×f value was primarily dependent on 
the FWHM, Ub, and densification of ceramic samples, and the τf value 
was closely related to the Eb and αL values. Furthermore, the P–V–L 
theory analysis indicated that the Nb-O bond had a dominant role to 
regulate τf value, both Ta–O and Nb–O bonds played a crucial role in 

reducing internal loss and enhancing the Q×f value, and the Ga–O bond 
had a great influence on the εr of TSNTGO ceramics. Notably, the 
TSNTGO ceramics sintered at 1275 ◦C exhibited excellent performances 
of εr = 33.62 ± 0.03, Q×f = 51,832 ± 1000 GHz (f0 = 6.4 GHz), and τf 
= –0.38 ± 0.16 ppm/℃. 
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