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A BiCu2PO6 microwave dielectric ceramic was prepared using a solid-state
reaction method. As the sintering temperature increased from 800C to 880C,
the bulk density of BiCu2PO6 ceramic increased from 6.299 g/cm3 to 6.366 g/
cm3; the optimal temperature was 860C. The best microwave dielectric
properties [permittivity (er) = 16, a quality factor (Q 9 f) = 39,110 GHz
and a temperature coefficient of resonant frequency (sf) = 59 ppm/C] were
obtained in the ceramic sintered at 860C for 2 h. Then, TiO2 with a positive sf
(+400 ppm/C) was added to compensate the sf value. The composite material
was found to have a near-zero sf (+2.7 ppm/C) and desirable microwave
properties (er = 19.9, Q 9 f = 24,885 GHz) when synthesized at a sintering
temperature of 880C. This system could potentially be used for low-temperature co-fired ceramics technology applications.
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INTRODUCTION
Microwave dielectric ceramics are widely used in
wireless communication systems, following the
insistent demands for the miniaturization of devices
and the improvement of the technology of lowtemperature co-fired ceramics (LTCC). Dielectric
materials with low dielectric losses and a lower
sintering temperature than the silver melting point
(Tm = 961C) in order to be co-fired with ceramic
chips have become very important.1,2 However,
considering the application of microwave dielectric
materials in LTCC technology, there are more
problems needing to be solved, including enhancing
the quality factor of microwave ceramics, and
making the temperature coefficient of resonant
frequency approach zero in order to stabilize the
microwave materials at different working
temperatures.3,4
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Usually, there are some methods to reduce the
sintering temperature of dielectric ceramics, such as
producing nano-powders for compounding the
ceramics, doping glass or oxides addition for reducing the sintering temperature, and finding dielectric
materials with a low sintering temperature.5–7
However, production of nano-powders is too expensive to be used in virtual applications.8 The additions of glass or oxides, which can increase the
dielectric losses, are not suitable for enhancing the
quality factor of microwave ceramics.9,10 Ultimately, the viable method is todiscover a kind of
microwave material which has an intrinsic low
sintering temperature and high quality factor.
BiCu2PO6 belongs to the well-known BiM2AO6
(M=Cu, Mg, Zn, Ca, Mn, Pb; A = As, V, P) family.11–15 The crystal structure and electromagnetic
properties of BiCu2PO6 ceramics have been reported
by Abraham,16 Plumb, etc.18 Because of the special
crystal structure, this material has been used in the
investigation of low-dimensional quantum antiferromagnets.19 However, to our knowledge, there has
been no report on its microwave dielectric properties
up to now. In the present work, a BiCu2PO6 ceramic
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is prepared via the traditional solid-state reaction
method. To modify its temperature coefficient of
resonant frequency, TiO2 with positive sf is chosen
to design a series of (1  x)BiCu2PO6  xTiO2 composite ceramics.
EXPERIMENTAL

Fig. 1. XRD patterns of the BiCu2PO6 ceramic sintered at 860C/2 h
and XRD patterns of the 0.65BiCu2PO6  0.35TiO2 ceramics sintered at 880C/2 h. Inset the crystal structure of BiCu2PO6 showing
the space location of the ions and the coordination numbers of the
ions.

Proportionate amounts of reagent-grade starting
materials of Bi2O3 (>99%; Guo-Yao, Shanghai,
China), CuO (>99%; Guo-Yao), TiO2 (>99.9%;
Linghua, Zhaoqing, China) and (NH4)2HPO4
(>99%; Yutong Chemical Reagents, Tianjin, China)
were mixed according to the (1  x)BiCu2PO6  x
TiO2 (0 mol £ x £ 0.4 mol) compositions and milled
for 4 h using a planetary mill (Nanjing Machine
Factory, Nanjing, China) operating at a running
speed of 450 rpm with zirconia balls (2 mm in
diameter) used as milling media and then calcined
at 700C for 4 h. After being crushed and re-milled
for 5 h to increase the reactivity and improve the
homogeneity, the dried powders were mixed with

Fig. 2. SEM micrographs of surfaces of the BiCu2PO6 ceramics sintered at 860C/2 h (a), backscattered electron image micrograph of the
0.65BiCu2PO6  0.35TiO2 ceramic sintered at 880C/2 h (b), EDS analysis of the 0.65BiCu2PO6  0.35TiO2 ceramic samples sintered at
880C/2 h (c), (d).
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PVA binder and granulated, and then these powders were pressed into cylinders (10 mm in diameter and 3–4 mm in height) in a steel die under a
uniaxial pressure of 150 MPa. The samples were
sintered in the temperature range from 800C to
880C for 2 h.
The crystalline structures of the samples were
investigated using x-ray diffraction (XRD) with
CuKa radiation (Rigaku D/MAX-2400 x-ray diffractometer, Tokyo, Japan). The microstructures of
vsintered ceramicd were observed on the surface
with scanning electron microscopy (SEM) (JSM6460; JEOL, Tokyo, Japan). The apparent densities
of the sintered ceramics were measured by Archimedes’ method. Microwave dielectric behaviors
were measured with the TE01d shielded cavity
method with a network analyzer (8720ES; Agilent,
Palo Alto, CA, USA) and a temperature chamber
(Delta 9023; Delta Design, Poway, CA, USA) in the
temperature range of 25–85C. The temperature
coefficient of resonant frequency (sf value) was
calculated with the following formula:
f85  f25
 106 ðppm= CÞ
sf ¼
f25 ð85  25Þ

ð1Þ

where f85 and f25 were the TE01d resonant frequencies at 85C and 25C, respectively.
RESULTS AND DISCUSSION
The XRD patterns of the BiCu2PO6 ceramic
samples sintered at 860C for 2 h and the XRD
patterns of the 0.65BiCu2PO6  0.35TiO2 ceramics
sintered at 880C for 2 h are shown in Fig. 1. The
powder diffraction pattern of the BiCu2PO6 ceramic
is indexed based on the PDF card (##82-1312). All
reflection peaks could be indexed as an orthorhombic structure with a space group Pnma.12 For the
composite ceramics, only the peaks of BiCu2PO6 and
TiO2 phases can be seen, which means that they did
not react with each other. However, the peaks of the
TiO2 phases are very weak and some of them
overlap with the peaks of the BiCu2PO6 materials,
so they are not clearly observed. As shown in the
inset of Fig. 1, this figure is drawn by ourselves
using VESTA software based on the PDF card
(ICSD #75387).16,17 BiCu2PO6 takes on an
orthorhombic structure, and the coordination number of the Cu2+ is 4, which is the same with P5+ in
this structure. From the Shannon ionic radius,20 the
ionic radii of the ions (Cu2+, P5+, and Ti4+) are
0.57 Å, 0.17 Å, and 0.42 Å, respectively, which
belong to the same coordination number. For the
following formula (2):


Rhost  Rimpurity
ð% Þ
ð2Þ
DR ¼
Rhost
where Rhost is the ionic radius of the main ions and
Rimpurity is the ionic radius of the doped ions, the DR
between Cu2+ and Ti4+ is 26% (>15%) and the ionic
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Fig. 3. Densification, microwave dielectric relative permittivity and
Q 9 f values of the BiCu2PO6 ceramics as a function of sintering
temperature.

radius of the P5+ is far less than the Ti4+. According
to the theories of Hume-Rothery,21 it is difficult for
Ti4+ to occupy Cu2+’s and P5+’s positions in the
BiCu2PO6 phase. Hence, it is understandable that
the BiCu2PO6 and the TiO2 coexisted with each
other in the (1  x)BiCu2PO6  xTiO2 ceramics.
The SEM micrograph of the as-fired surfaces of
the BiCu2PO6 ceramic sintered at 860C for 2 h is
shown in Fig. 2a. Its homogeneous microstructure
is revealed and the grain size of the BiCu2PO6 phase
ranges from 0.7 lm to 1 lm, which results from its
low sintering temperature. A backscattered electron
image micrograph of the 0.65BiCu2PO6  0.35TiO2
ceramic sintered at 880C for 2 h is shown in
Fig. 2b, from which it can be seen that grains with
a light black color may be identified as the TiO2
phase, the others with a bright color belonging to
the BiCu2PO6 phase, which is in agreement with
the XRD analysis, and further confirms the coexistence of the two phases. Moreover, to analyze the
component, the EDS spectra of the 0.65BiCu2PO6  0.35TiO2 ceramic samples are shown in
Fig. 2c and d. As shown in Fig. 2c, the results of
the BiCu2PO6 region in the sample indicate that the
ratio of Bi:Cu:P:O of spot 3 is about 1:2:1:7, which
approximately conforms to the composition of
BiCu2PO6. As shown in Fig. 2d, the results of the
TiO2 region in the sample show that the ratio of
Bi:Cu:P:O of spot 1 is also about 1:2:1:6, and, then,
the Ti and the rest of the O ions are detected at the
ratio of approximately 1:2, which accords with the
composition of TiO2. This may indicate that two
phases of the 0.65BiCu2PO6  0.35TiO2 ceramic
coexisted with each other.
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Table I. Microwave dielectric properties of (1 2 x)BiCu2PO6 2 xTiO2 ceramics sintered at 880°C/2 h as a
function of x value (mol.%)
Compound

Sintering temperature/time

BiCu2PO6
0.7BiCu2PO6 + 0.3TiO2
0.65BiCu2PO6 + 0.35TiO2
0.6 BiCu2PO6 + 0.4TiO2

860C/2
880C/2
880C/2
880C/2

h
h
h
h

Densification, microwave dielectric relative permittivity and Q 9 f values of the BiCu2PO6 ceramics are shown in Fig. 3. The crystallographic density
of BiCu2PO6 is 6.481 g/cm3.16 As the sintering
temperature increases, the densification of the
BiCu2PO6 ceramic shows a rising trend and reaches
the maximum value of 98.2% at 860C, then starts
to decrease with the further increase of the sintering temperature. Microwave dielectric permittivity
increases first along with the elimination of the
pores and then reaches a maximum value at 860C.
With the further increase of the sintering temperature, the permittivity usually decreases slightly
before melting due to grain deterioration of the
dielectric constant. The Q 9 f value of microwave
dielectric ceramics is usually determined by the
intrinsic and extrinsic dielectric losses. The extrinsic loss is influenced by many defects, such as grain
boundaries, particle size, secondary grain, pores,
etc.22,23 Hence, for a microwave dielectric ceramic,
the high Q 9 f values can only be achieved at a
narrow sintering temperature, at which the impacts
of defects are minimized. For the BiCu2PO6 ceramic,
high and stable Q 9 f values are obtained in the
ceramics sintered at 800–880C. The best microwave dielectric properties are obtained in the
BiCu2PO6 ceramic sample sintered at 860C for
2 h with a permittivity 16, and a Q 9 f 
39,110 GHz. For the (1  x)BiCu2PO6  xTiO2
ceramics, as the function of the increasing x value,
microwave dielectric permittivity increases due to
the enhancement of doping TiO2, and the Q 9 f
value decreases due to the deteriorated microstructure. According to the Lichtenecker logrithmic
rule,24 the theoretical sf value can be obtained with
the formula (3):
sf ¼ y1 sf1 þ y2 sf2

ð3Þ

where sf1 and sf2 are sf values of different microwave
dielectric ceramics, and y1 and y2 represent the volume
fractions of different compositions of ceramics. In the
system of (1  x)BiCu2PO6  xTiO2 ceramics, sf1 and
sf2 are the sf values of BiCu2PO6 and TiO2, and y1 and
y2 are the volume fractions of BiCu2PO6 and TiO2.
Following the increase of the mole fraction of TiO2, the
sf value has an ascending tendency; when the x value is
0.35, the sf value achieves a near-zero value
(+2.7 ppm/C). The microwave dielectric properties

er

Q 3 f (GHz)

sf (ppm/°C)

16
17.5
19.9
20.8

39,110
26,790
24,885
22,215

59
11.7
2.7
20.1

of (1  x)BiCu2PO6  xTiO2 ceramics are shown in
Table I.
CONCLUSIONS
The BiCu2PO6 ceramics sintered at 860C for 2 h
are well densified and show good microwave dielectric
properties [permittivity (er) = 16, a quality factor
(Q 9 f) = 39,110 GHz and a temperature coefficient
of resonant frequency (sf) = 59 ppm/C]. The
microstructures and microwave dielectric properties
of the (1  x)BiCu2PO6  xTiO2 ceramic system have
been investigated. From the x-ray diffraction and EDS
analysis of the samples, the orthorhombic BiCu2PO6
and rutile TiO2 phase which coexisted with each other
have been found. When the x value of TiO2 rises, the
microwave dielectric properties vary as follows: permittivity increases from 17.5 to 20.8, a quality factor
decreases from 26,790 GHz to 22,215 GHz and the
temperature coefficient value changes from
11.7 ppm/C to 20.8 ppm/C. The best temperature
coefficient value (+2.7 ppm/C) was obtained with
x = 0.35.
ACKNOWLEDGEMENTS
This work was supported by the National Natural
Science Foundation of China (U1632146), the Young
Star Project of Science and Technology of Shaanxi
Province (2016KJXX-34), the Fundamental Research Funds for the Central University, and the
111 Project of China (B14040). The SEM work was
done at International Center for Dielectric Research
(ICDR), Xi’an Jiaotong University, Xi’an, China and
the authors thank Ms. Yan-Zhu Dai for her help in
using SEM.
REFERENCES
1. M.T. Sebastian, H. Wang, and H. Jantunen, Curr. Opin.
Solid State Mater. Sci. 20, 151 (2016).
2. D. Zhou, H. Wang, L.X. Pang, C.A. Randall, and X. Yao, J.
Am. Ceram. Soc. 92, 2242 (2009).
3. J. Guo, D. Zhou, H. Wang, Y.H. Chen, Y. Zeng, F. Xiang, Y.
Wu, and X. Yao, J. Am. Ceram. Soc. 95, 232 (2012).
4. J. Guo, D. Zhou, S.L. Zou, H. Wang, L.X. Pang, and X. Yao,
J. Am. Ceram. Soc. 97, 1819 (2014).
5. Y.Z. Hao, Q.L. Zhang, J. Zhang, C.R. Xin, and H. Yang, J.
Mater. Chem. 22, 23885 (2012).
6. S.H. Yoon, D.W. Kim, S.Y. Cho, and K.S. Hong, J. Eur.
Ceram. Soc. 23, 2549 (2003).
7. L.X. Pang, D. Zhou, and W.G. Liu, J. Am. Ceram. Soc. 97,
2032 (2014).
8. C. Vaquero, C. Gutierrez-Canas, N. Galarza, and J.L.L. de
Lpina, J. Aero. Sci. 102, 1 (2016).

Microwave Dielectric Properties of BiCu2PO6 Ceramics with Low Sintering Temperature
9. T. Joseph, M.T. Sebastian, H. Sreemoolanadhan, and
V.K.S. Nageswari, Int. J. Appl. Ceram. Tec. 7, E98 (2010).
10. T. Takada, S.F. Wang, S. Yoshikawa, S.J. Jang, and R.E.
Newnham, J. Am. Ceram. Soc. 77, 1909 (1994).
11. I.R. Evans, J.S.O. Evans, and J.A.K. Howard, J. Mater.
Chem. 12, 2648 (2002).
12. S. Wanga, E. Pomjakushina, T. Shiroka, G. Deng, N. Nikseresht, Ch. Ruegg, H.M. Ronnow, and K. Conder, J. Cryst.
Growth 313, 51 (2010).
13. X. Xun, S. Uma, A. Yokochi, and A.W. Sleight, J. Solid
State Chem. 167, 245 (2002).
14. S.E. Nunes, C.H. Wang, K. So, J.S.O. Evans, and I.R.
Evans, J. Solid State Chem. 222, 12 (2015).
15. I.R. Evans, J.A.K. Howard, and A.W. Sleight, J. Solid.
State. Sci. 7, 299 (2005).
16. F. Abraham, M. Ketatni, G. Mairesse, and B. Mernari, Eur.
J. Solid. Inorg. Chem. 31, 313 (1994).

6245

17. K. Momma and F. Izumi, J. Appl. Crystallogr. 44, 1272
(2011).
18. K.W. Plumb, K. Hwang, Y. Qiu, L.W. Harriger, G.E.
Granroth, A.I. Kolesnikov, G.J. Shu, F.C. Chou, C.
Ruegg, Y.B. Kim, and Y.J. Kim, Nat. Phys. 12, 224
(2016).
19. K.W. Plumb, Z. Yamani, M. Matsuda, G.J. Shu, B. Koteswararao, F.C. Chou, and Y.J. Kim, Phys. Rev. B 88,
024402 (2013).
20. R.D. Shannon, Acta. Cryst. 32, 751 (1976).
21. W. Hume-Rothery, Acta Metall. 14, 17 (1966).
22. M.Z. Hu, H.S. Gu, X.C. Chu, J. Qian, and Z.G. Xia, J. Appl.
Phys. 104, 124 (2008).
23. D. Zhou, L.X. Pang, X. Yao, and H. Wang, Mater. Chem.
Phys. 115, 126 (2009).
24. L.X. Pang, H. Wang, D. Zhou, and X. Yao, J. Alloys Compd.
493, 626 (2010).

