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Abstract

Novel glass-free low temperature firing microwave dielectric ceramics, Bi(Ga1/3Mo2/3)O4, with ordered scheelite structure, were prepared
through a conventional solid state reaction method. Dense ceramics were prepared at sintering temperatures from 800 to 860 1C. The Bi(Ga1/
3Mo2/3)O4 compound was crystallized with B-site ordered Scheelite-type structure with space group C2/c. The Bi(Ga1/3Mo2/3)O4 ceramics can be
well sintered at about 830 1C, exhibiting good microwave dielectric properties of εr�26.1, Qf�49,800 GHz, and TCF��86 ppm/1C. Intrinsic
dielectric parameters of the Bi(Ga1/3Mo2/3)O4 ceramics were estimated by fitting far-infrared (FIR) reflectance spectra with the classical harmonic
oscillator model.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Low temperature co-fired ceramics (LTCC) technology
provides an elegant and cost-effective way for 3D integration
of electronic components used in mainframe computer and
telecommunication systems. LTCC technology relies on
microwave dielectric ceramics that could be densified at
temperatures lower than the melting temperature of the metals
(such as Ag, Cu, and Al, etc) used in the internal circuitry,
without scarifying their dielectric performance. Hence, the
search for microwave dielectric ceramic materials, with high
quality factor (Qf value), near zero temperature coefficient of
resonant frequency (TCF value) and low sintering temperature
(S.T.), has been a hot research topic all over the world [1–3].
Since the BaTe4O9 microwave dielectric ceramic with a
sintering temperature of about 550 1C was reported by Kwon
et al. [4,5], various microwave dielectric ceramics with ultra-
low sintering temperatures have been explored [6–13]. In our
/10.1016/j.ceramint.2015.11.152
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previous works, monoclinic scheelite structured Bi(Fe1/3Mo2/3)
O4, in which the FeO4 and MoO4 tetrahedrons take an ordered
arrangement, was found to be well densified at about 830 1C
and displayed high microwave dielectric properties [14,15].
Similar to Bi(Fe1/3Mo2/3)O4, Bi(In1/3Mo2/3)O4 ceramic could
be well densified at 840 1C, with a permittivity of 25.2, Qf
value of 40,000 GHz and TCF value of 65 ppm/1C [16]. A
similar ordered scheelite structure has also been found in Bi
(Ga1/3Mo2/3)O4 and Bi(Sc1/3Mo2/3)O4, while an analogous
phase could not be formed if aluminum (Al) or chromium
(Cr) was contained at the B site [17,18]. In the present work,
Bi(Ga1/3Mo2/3)O4 ceramics were prepared by using the solid
state reaction method. Phase structure, microstructure, micro-
wave dielectric properties, and intrinsic dielectric properties of
the ceramics were studied in detail.
2. Experimental procedure

Proportionate amounts of reagent-grade Bi2O3 (499%, Shu-Du
Powders Co. Ltd., Chengdu, China), Ga2O3 (499%, Sinopharm
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Fig. 1. XRD patterns of the Bi(Ga1/3Mo2/3)O4 samples sintered at 830 and
860 1C for 2 h.
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Chemical Reagent Co., Ltd, Shanghai, China), and MoO3 (499%,
Fuchen Chemical Reagents, Tianjin, China) were measured accord-
ing to the stoichiometric formulation of Bi(Ga1/3Mo2/3)O4. Powders
were mixed and milled for 4 h using a planetary mill (Nanjing
Machine Factory, Nanjing, China) with a running speed of 400 rpm.
The mixture was dried and calcined at 700 1C for 4 h. The calcined
powders were ball milled again for 5 h with a running speed of
450 rpm. After drying, the powders were pressed into cylinders
(10 mm in diameter and 4–5 mm in height) under a uniaxial
pressure of 20 MPa. Samples were sintered in the temperature range
from 770 1C to 860 1C for 2 h. To measure crystalline structure, the
sintered pellets were crushed into powder. X-ray diffraction (XRD)
was performed by using a XRD with Cu Kα radiation (Rigaku
D/MAX-2400 X-ray diffractometry, Tokyo, Japan). To examine
grain morphology, the as-fired samples were observed by using
scanning electron microscopy (SEM) (JSM-6460, JEOL, Tokyo,
Japan). Room temperature Far-infrared reflectivity spectra were
measured by using a Bruker IFS 66v FTIR spectrometer. Dielectric
properties at microwave frequencies were measured according to the
TE01δ dielectric resonator method with a network analyzer (HP
8720 Network Analyzer, Hewlett–Packard) and a temperature
chamber (Delta 9023, Delta Design, Poway, CA). Temperature
coefficient of resonant frequency TCF (τf) was calculated with the
following formula:

TCFðτfÞ ¼
f T� f T0

f T0
� ðT�T0Þ

� 106 ppm=oC; ð1Þ

where fT and f T0
are the TE01δ resonant frequencies at temperature T

and T0, respectively.
Fig. 2. Bulk density (a), microwave dielectric permittivity (b) and Qf value
(c) of the Bi(Ga1/3Mo2/3)O4 ceramics as a function of sintering temperature.

Fig. 3. Surface SEM photograph of the as-fired Bi(Ga1/3Mo2/3)O4 ceramics
sintered at 830 1C for 2 h.
3. Results and discussion

According to references [14,17], Bi(Ga1/3Mo2/3)O4 com-
pound could crystallize as B-site ordered or disordered
Scheelite-type structure, depending on heating temperature.
B-site ordered superstructure could be obtained at temperatures
above 700 1C. Fig. 1 shows XRD patterns of the Bi(Ga1/3Mo2/3)
O4 ceramics sintered at 830 and 860 1C for 2 h. Line splitting
and superstructure diffraction peaks were observed. Pure
monoclinic B-site ordered scheelite structure with space group
C2/c was formed, when the Bi(Ga1/3Mo2/3)O4 ceramics were
sintered at temperatures of Z830 1C. The lattice parameters of
Bi(Ga1/3Mo2/3)O4 prepared at 860 1C were a¼16.15, b¼11.65,
c¼5.25 and β¼91.011.

Fig. 2(a) presents bulk densities of the Bi(Ga1/3Mo2/3)O4

ceramics as a function of sintering temperature. The bulk
density increased to a saturated value when the sintering
temperature increased to 800 1C. Surface SEM photograph of
the as-fired Bi(Ga1/3Mo2/3)O4 ceramic is shown in Fig. 3. It has
a dense and homogeneous microstructure, after it was sintered at
830 1C for 2 h. The grain size was between 1 and 2 μm. Both
the bulk density and microstructure results indicated that the Bi
(Ga1/3Mo2/3)O4 ceramic had been densified well. As shown in
Fig. 2(a), when the sintering temperature was increased to
860 1C, bulk density of the Bi(Ga1/3Mo2/3)O4 ceramic was
decreased slightly. It can be attributed the volatilization of the
content with low melting temperature and the internal pores
formed at higher sintering temperature.
Fig. 2(b) and (c) show microwave dielectric permittivity and

Qf value of the Bi(Ga1/3Mo2/3)O4 ceramics as a function of
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sintering temperature, respectively. The variation of permittiv-
ity with sintering temperature was similar to that of bulk
density. The permittivity has increased with sintering tempera-
ture and reached a maximum value of 26.1 at 830 1C, which
was resulted from the disappearance of pores. The permittivity
was decreased to 25.8 when the sintering temperature was
increased to 845 and 860 1C. The increase of the internal pores
resulted in the decrease in permittivity. The maximum Qf
value was 49,800 GHz in the Bi(Ga1/3Mo2/3)O4 ceramic
sintered at 830 1C for 2 h, as shown in Fig. 2(c).

Resonant frequency and Qf value of the Bi(Ga1/3Mo2/3)O4

ceramics measured in the temperature range of 25–125 1C with
the TE01δ dielectric resonator method are shown in Fig. 4.
Microwave permittivity of the Bi(Ga1/3Mo2/3)O4 ceramic
increased linearly from 26.1 to 26.5, when the measuring
temperature was increased from RT (room temperature, 25 1C)
to 120 1C. Correspondingly, the resonant frequency decreased
linearly with measuring temperature. TCF value calculated with
formula (1) was �86 ppm/1C. The Qf value was between
40,000 and 50,000 GHz in the temperature range of 25–125 1C.

With Far-infrared (FIR) reflectivity spectrum, complex
dielectric spectrum of the Bi(Ga1/3Mo2/3)O4 ceramic was
obtained according to the relationship between reflectivity R
(ω) and complex dielectric, (Eq. (2)) and fitting method of
classical harmonic oscillator model (Eq. (3)).

RðωÞ ¼
���
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε � ðωÞ

p

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε � ðωÞ

p
���
2
; ð2Þ

ε�ðωÞ ¼ ε1þ
Xn

j ¼ 1

ω2
pj

ω2
oj�ω2� jγjω

; ð3Þ
Fig. 4. Resonant frequency, dielectric permittivity and Qf value of the Bi(Ga1/
3Mo2/3)O4 ceramics sintered at 830 1C for 2 h.
where ε*(ω) is complex dielectric function, ε1 is the dielectric
constant caused by the electronic polarization at high frequen-
cies, γj, ωoj and ωpj are the damping factor, the transverse
frequency and plasma frequency of the j-th Lorentz oscillator,
respectively and n is the number of transverse phonon modes.
The measured and fitted FIR reflectivity spectra are shown

in Fig. 5(a), while the real and imaginary parts of the complex
dielectric are shown in Fig. 5(b) and (c), respectively.
According to factor group analysis, the predicted vibration
modes of Bi(Ga1/3Mo2/3)O4 with C2/c symmetry at Г point is
as follows:

Γ ¼ 26Ag Rð Þþ28Bg Rð Þþ25Au Ið Þþ26Bu Ið Þ ð4Þ
where 26Ag and 28Bg are the Raman active modes, while
25Au and 26Bu are Infrared active modes. As shown in Fig. 5
(a), the number of the experimentally observed modes is lower
than the symmetry prediction. Au and Bu modes may not be
entirely resolved because the anisotropy could have been
averaged [19]. Moreover, since the vibrational spectra depend
primarily on local environment and symmetry and they are
more sensitive to short range order [11], some vibrational
modes could have been broadened and some of them might
have been smeared out, because of the short range disordering
in the monoclinic scheelite structure of the Bi(Ga1/3Mo2/3)O4

ceramics. In this work, twenty-six Lorentz oscillator modes
Fig. 5. Measured and fitted FIR reflectivity spectra and complex dielectric
spectrum of the Bi(Ga1/3Mo2/3)O4 ceramics.
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were used for fitting, leading to a fitted ε1 to be 4.55. It was
found that both the calculated dielectric permittivity (the real
part of the complex dielectric) and dielectric loss values (the
imaginary part of the complex dielectric) at microwave
frequencies were almost equal to those measured by using
TE01δ method. It can be deduced that the polarization of the Bi
(Ga1/3Mo2/3)O4 ceramics at microwave frequencies was mainly
attributed to the absorptions of phonon oscillation at infrared
region.

4. Conclusions

A low temperature firing microwave dielectric ceramics, Bi
(Ga1/3Mo2/3)O4, with B site ordered scheelite structure, has
been synthesized by using a solid state reaction method. Well
densified ceramics could be obtained from 800 to 860 1C. The
Bi(Ga1/3Mo2/3)O4 ceramics sintered at 830 1C for 2 h pos-
sessed promising microwave dielectric properties, with a
permittivity of 26.1, a high Qf value of 49,800 GHz and a
TCF value of �86 ppm/1C. Polarization of the Bi(Ga1/3Mo2/3)
O4 ceramics at microwave frequencies was mainly attributed to
the absorptions of phonon oscillation at infrared region.
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