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	 In	this	study,	we	prepared	(1	−	x)Bi12CeO20–xBiFeO3 ceramics using conventional solid-state 
methods with various material compositions and sintering temperatures. X-ray diffraction and 
scanning electron microscopy were employed to analyze the composition of the ceramic 
microstructures. In experiments, as x increased, the dielectric constant and τf value increased, 
and the Q × f value decreased. We also investigated the correlation between the relative 
proportions of two ceramic substances and their microwave dielectric properties. The 
Bi12CeO20–BiFeO3 ceramic system is suitable for use as a substrate in low-temperature cofired 
ceramic antenna temperature sensors.

1. Introduction

 Advances in wireless temperature sensing modules led to them replacing traditional 
thermocouple sensors with low-temperature cofired ceramic antennas. For example, 
Zhang et al. constructed an antenna sensor from dielectric ceramic materials with a 
temperature coefficient (τf) of 248 ppm/°C.(1) Additionally, Sanders et al. used dielectric 
ceramic materials with τf	=	−160	ppm/°C	to	construct	ceramic	antenna	sensors.(2) In these 
dielectric ceramic sensors, the ambient temperature of the sensing antenna can be 
calculated using the resonant frequency of the sensor antenna, and the τf value is high. 
The resonance of the low-temperature cofired ceramic antenna temperature sensor S11 is 
larger than those of the others. 
 Bi2O3–SiO2 dielectric materials have a sintering temperature lower than 960 °C and 
can be fabricated using low-temperature co-firing processes.(3–6) Moreover, Bi2O3–SiO2 
has a dielectric constant of approximately 40.(3–6) One study indicated that Bi12CeO20 
microwave dielectric materials have optimal properties when sintered at 780 oC for 5 h, 
with a dielectric constant of 27, a Q × f value of 10640 GHz, and a τf	 value	 of	 −184.4	
ppm/°C.(7) In addition, several groups have examined the use of BiFeO3 in communication 
components.(8–11) In this study, we fabricated a Bi12CeO20–BiFeO3 substrate for ceramic 
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antenna temperature sensors and evaluated its microwave dielectric properties. We then 
analyzed the density, X-ray diffraction (XRD) patterns, and microstructures of the 
ceramics. Finally, we investigated the correlation between the substrate’s dielectric 
properties and the microstructural composition.

2. Materials and Methods

	 In	 this	 study,	we	 employed	 the	 following	 procedure.	 First,	 the	 (1	 −	 x)Bi12CeO20–xBiFeO3 
microwave dielectric ceramic systems were fabricated per corresponding stoichiometric 
proportions and synthesized by conventional solid-state methods from individual high-purity 
(>99.9%) oxide powders of Bi2O3, CeO2, and Fe2O3. Second, the powders were ball-mixed in 
distilled water for 12 h in a plastic bottle with agate balls. Third, all wet mixtures were dried and 
calcined at 700 °C for 5 to 6 h. Fourth, the calcined powder was pressed into pellets 11 mm in 
diameter	using	polyvinyl	alcohol	as	a	binder.	Fifth,	the	pellets	were	sintered	at	740−780	oC for 2 
h	in	open	air.	Sixth,	XRD	data	on	the	bulk	samples	were	collected	using	Cu-Kα	radiation	in	the	
2θ range from 20 to 60°. Seventh, microstructural analysis of the sintered surfaces was 
performed using a scanning electron microscope. Finally, the pellets’ dielectric properties at 
microwave frequencies were measured using a modification of the Hakki–Coleman dielectric 
resonator method by Courtney.(12,13) 

3. Results and Discussion

	 Figure	 1	 shows	 the	 room-temperature	 XRD	 patterns	 recorded	 for	 the	 (1	 −	 x)Bi12CeO20–
xBiFeO3 ceramic system sintered at 780 °C for 2 h. XRD patterns revealed a two-phase system 
containing Bi12CeO20 and BiFeO3. Increasing x increased the peak density of BiFeO3, producing 
a second phase of Bi25CeO40. The lattice parameters of Bi12CeO20 did not change upon varying 
x, confirming the existence of a two-phase system. 

Fig.	1.	 (Color	 online)	X-ray	 diffraction	 patterns	 of	 (1	 −	 x)Bi12CeO20–xBiFeO3 dielectric ceramics with various 
values of x.
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	 Figure	2	shows	the	bulk	density	of	the	(1	−	x)Bi12CeO20–xBiFeO3 ceramics under different 
sintering temperatures with various values of x. The bulk density increased as x increased, 
owing to the higher theoretical densities of BiFeO3 and Bi25FeO40 than that of Bi12CeO20.(14) 
Higher sintering temperatures enhanced the grain growth, and thus, the density. Furthermore, 
changes in density directly affected the microwave dielectric properties, particularly the 
dielectric constant.
	 The	 dielectric	 constants	 of	 the	 (1	 −	 x)Bi12CeO20–xBiFeO3 ceramic system under different 
sintering temperatures with various values of x are shown in Fig. 3. Similar to density, the 
dielectric constant increased as temperature and x increased, suggesting that the density and 
composition of the specimen exerted a strong effect on the dielectric constant. As x varied from 
0 to 0.5, the dielectric constant increased from 27.9 to 43.8. Additionally, after sintering at a 
temperature of 780 °C for 2 h, the εr value for 0.5Bi12CeO20–0.5BiFeO3 was 43.8.

Fig.	3.	 (Color	online)	Dielectric	constant	of	(1	−	x)Bi12CeO20–xBiFeO3	thin	films	at	various	sintering	temperatures	
and values of x.

Fig.	2.	 (Color	online)	Density	of	(1	−	x)Bi12CeO20–xBiFeO3	thin	films	at	various	sintering	temperatures	and	values	
of x.
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 Figure 4 shows the quality factor values (Q × f	 )	of	the	(1	−	x)Bi12CeO20–xBiFeO3 ceramic 
system. Several factors contribute to dielectric loss at microwave frequencies, including density, 
porosity, second phases, and grain boundaries.(15) The Q × f value is related to x because BiFeO3 
possesses a much lower Q × f than Bi12CeO20. Specifically, as x increased from 0 to 0.5, Q × f 
decreased from 11000 to 500 GHz. Moreover, Q × f increased with sintering temperature for all 
values of x. Additionally, the decrease in Q × f at high sintering temperatures was attributable to 
increased grain growth.(16) Bulk density also increased and decreased with sintering temperature 
and x, respectively.
 Figure 5 shows the temperature coefficients of resonant frequency (τf)	 of	 the	 (1	 −	 x)
Bi12CeO20–xBiFeO3 ceramic system after sintering at various temperatures with values of x for 
2 h. The composition of dielectric materials directly affects the τ f value. Increasing the 
proportions of BiFeO3 increased the system’s overall τf value because the τf values of Bi12CeO20 

Fig. 5. (Color online) τf	value	of	(1	−	x)Bi12CeO20–xBiFeO3 dielectric ceramics at various sintering temperatures 
and values of x.

Fig. 4. (Color online) Q × f	value	of	(1	−	x)Bi12CeO20–xBiFeO3	 thin	films	at	various	sintering	temperatures	and	
values of x.
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and BiFeO3 are negative and positive, respectively. The τf	 values	 of	 the	 (1	 −	 x)Bi12CeO20–
xBiFeO3	ceramic	system	varied	from	−151	to	+8.3 ppm/°C under various sintering temperatures. 
According to a previous study,(15) this variation in the τf value is attributable to factors that are 
extrinsic	 and	 intrinsic	 to	 the	 (1	−	x)Bi12CeO20–xBiFeO3 ceramics. This variation in τf values 
produced	a	wide	process	window,	indicating	that	the	(1	−	x)Bi12CeO20–xBiFeO3 ceramic system 
was suitable for use as a substrate in antenna temperature sensors.

4. Conclusions

	 In	 this	 study,	 we	 investigated	 the	 microwave	 dielectric	 properties	 of	 (1	 −	 x)Bi12CeO20–
xBiFeO3 ceramics. X-ray analysis revealed a Bi25CeO40 secondary phase with x from 0.05 to 0.5. 
The Bi25CeO40 secondary phase affects the ceramics’ microwave dielectric properties, 
increasing the dielectric constant and τf value but decreasing the Q × f value as the proportion of 
BiFeO3 increases. Under all tested values of x	 in	 (1	 −	 x)Bi12CeO20–xBiFeO3, the density, 
dielectric constant, and the Q × f value increased as the sintering temperature increased. 
Bi12CeO20–BiFeO3 ceramics are thus suitable substrates in a diverse range of applications 
requiring antenna temperature sensors made from low-temperature cofired ceramics.

Acknowledgments

 This work was sponsored by the National Science and Technology Council of the Republic of 
China under grant nos.111-2622-E-239 -006, 112-2221-E-239 -015, and 112-2224-E-006 -004.

References

 1 L. Zhang, Z. X. Yue, and L. T. Li: Proc. 8th Int. Conf. High Performance Ceramics (CICC-8) 752–756. 
 2 J. W. Sanders, J. Yao, and H. Y. Huang: IEEE Sensors J. 15 (2015) 5312. http://doi.org/10.1109/

JSEN.2015.2437884
 3 M. Isik, N. Sarigul, and N. M. Gasanly: J. Lumin. 224 (2020) 117280. https://doi.org/10.1016/j.

jlumin.2020.117280
 4 Y. T. Fei, S. J. Fan, R. Y. Sun, J. Y. Xu, and M. Ishll: J. Mater. Sci. Lett. 19 (2000) 893. https://doi.

org/10.1023/A:1006701901976
 5 M. Y. Yang, C. H. Hsu, and C. S. His: Adv. Powder Technol. 27 (2016) 977. https://doi.org/10.1016/j.

apt.2016.03.015
 6 M. Q. Yang, X. D. Zhang, and F. Wang: Chem. Phys. Lett. 814 (2023) 140323. https://doi.org/10.1016/j.

cplett.2023.140323
 7 C. H. Hsu, J. C. Liu, P. K. Liu, C. F. Tseng, W. S. Chen, P. C. Yang, and J. S. Lin: Proc. the 6th Int. Conf. 

Mechatronics, Electronics and Automation Engineering (ICMEAE 2019) 1–1.
 8 Y. X. Wei, C. Q. Jin, Y. M. Zeng, X. T. Wang, D. Gao, and X. L. Wang: Ceram. Int. 43 (2017) 17220. http://doi.

org/10.1016/j.ceramint.2017.09.030
 9 M. Zhang, X. Y. Zhang, X. W. Qi, Y. Li, L. Bao, and Y. H. Gu: Ceram. Int. 43 (2017) 16957. http://doi.

org/10.1016/j.ceramint.2017.09.101
 10 C. X. Li, B. Yang, S. T. Zhang, R. Zhang, Y. Sun, H. J. Zhang, and W. W. Cao: J. Am. Ceram. Soc. 97 (2014) 

816. https://doi.org/10.1111/jace.12702
 11 Y. Peng, X. H. Wu, Z. Y. Chen, Q. F. Li, T. Yu, Z. K. Feng, Z. J. Su, Y. J. Chen, and V. G. Harris: J. Appl. Phys. 

117 (2015) 17A306. https://doi.org/10.1063/1.4907331
 12 B. W. Hakki and P. D. Coleman: IEEE Trans. Microwave Theory & Tech. 8 (1960) 402. http://doi.org/10.1109/

TMTT.1960.1124749

http://doi.org/10.1109/JSEN.2015.2437884http://doi.org/10.1109/JSEN.2015.2437884
https://doi.org/10.1016/j.jlumin.2020.117280
https://doi.org/10.1016/j.jlumin.2020.117280
https://doi.org/10.1023/A:1006701901976https://doi.org/10.1023/A:1006701901976
https://doi.org/10.1023/A:1006701901976https://doi.org/10.1023/A:1006701901976
https://doi.org/10.1016/j.apt.2016.03.015
https://doi.org/10.1016/j.apt.2016.03.015
https://doi.org/10.1016/j.cplett.2023.140323
https://doi.org/10.1016/j.cplett.2023.140323
http://doi.org/10.1016/j.ceramint.2017.09.030
http://doi.org/10.1016/j.ceramint.2017.09.030
http://doi.org/10.1016/j.ceramint.2017.09.101
http://doi.org/10.1016/j.ceramint.2017.09.101
https://doi.org/10.1111/jace.12702
https://doi.org/10.1063/1.4907331
http://doi.org/10.1109/TMTT.1960.1124749
http://doi.org/10.1109/TMTT.1960.1124749


766 Sensors and Materials, Vol. 36, No. 2 (2024)

 13 W. E. Courtney: IEEE Trans. Microwave Theory & Tech. 18 (1970) 476. http://doi.org/10.1109/
TMTT.1970.1127271

 14 H. Uchida, R. Ueno, H. Nakaki, H. Funakubo, and S. Koda: Jpn. J. Appl. Phys. 44 (2005) L561. http://doi.
org/10.1143/JJAP.44.L561

 15 B. D. Silverman: Phys. Rev. 125 (1962) 1921. https://doi.org/10.1103/PhysRev.125.1921
 16 W. S. Chen, C. C. Yu, J. H. Chen, J. C. Liu, C. H. Hsu, and Y. C. Wang: Ceram. Int. 43 (2017) 8296. http://doi.

org/10.1016/j.ceramint.2017.05.191
 17 W. S. Chen, C. C. Yu, C. H. Hsu, and S. H. Tsai: J. Mater. Sci.: Mater. Electron. 28 (2017) 6461. https://doi.org/ 

10.1007/s10854-017-6332-9

About the Authors

 Cheng-Hsing Hsu received his B.S. degree in electronic engineering from Fu 
Jen Catholic University, Taipei, Taiwan, in 1997 and his M.S. and Ph.D. 
degrees in electrical engineering from National Cheng Kung University, 
Tainan, Taiwan, in 1999 and 2003, respectively. From 2003 to 2005, he worked 
as a principal engineer with the Nano-Device Research Department, Macronix 
International Co., Ltd., where he was engaged in novel nonvolatile memory 
materials and devices. In February 2005, he joined the Faculty of the 
Department of Electrical Engineering, Da-Yeh University, Chang-Hua, 
Taiwan. In August 2005, he became an assistant professor of the Department 
of Electrical Engineering, National United University, Miaoli, Taiwan, where 
he became an associate professor in 2008 and a professor in 2013. His research 
interests include dielectric ceramics, thin film technology, planar antenna 
design, microwave passive components, nonvolatile memory devices, 
thermoelectric materials, and optoelectronic materials. (hsuch@nuu.edu.tw)

 Yu-Kai Huang received his B.S. and M.S. degrees from National United 
University, Taiwan, in 2015 and 2020, respectively. His research interests are 
in microwave dielectric materials, and antenna design. 

  (u0021039@gmail.com)

http://doi.org/10.1109/TMTT.1970.1127271
http://doi.org/10.1109/TMTT.1970.1127271
http://doi.org/10.1143/JJAP.44.L561
http://doi.org/10.1143/JJAP.44.L561
https://doi.org/10.1103/PhysRev.125.1921
http://doi.org/10.1016/j.ceramint.2017.05.191
http://doi.org/10.1016/j.ceramint.2017.05.191
https://doi.org/ 10.1007/s10854-017-6332-9
mailto:hsuch@nuu.edu.tw
mailto:u0021039@gmail.com

