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There are a number of excellent microwave materials with
sintering temperatures  10001C. These include materials in
the following systems: ZnO–Nb2O5,3,4 Bi(Nb,Ta,Sb)O4,5–7
BaO–TiO2–Nb2O5 system,8,9 Li2O–Nb2O5–TiO2,10,11 (Zr,Sn)
TiO4,12,13 and the most popular (A1A2)(B1B2)O3 complex perovskite system.14–16 There has been a number of attempts to use
sintering aids to lower the sintering temperatures of these systems, which have had limited success. Typical sintering aids,
such as V2O5, CuO, Bi2O3, and B2O3, lower the sintering temperatures but also increase the dielectric loss (B1/Q). Hence, a
more fruitful approach has been made to investigate new compounds with intrinsically lower sintering temperatures; some of
these important binary systems include Bi2O3–TeO2, TiO2–
TeO2, CaO–TeO2, BaO–TeO2, ZnO–TeO2 binary systems,
BaO–TiO2–TeO2 ternary system, and Bi2W2O9 systems.17–24
In a recent investigation, we demonstrated that a single-phase
Bi2Mo2O9 could be sintered at temperature B6201C and that
this material also possessed excellent dielectric properties at frequencies in the microwave range. Bi2Mo2O9 have been shown to
have a relative dielectric permittivity B38, QfB12 500 GHz and
a temperature coefﬁcient of resonant frequency (TCF) around
131 ppm/1C.25 Based on this ﬁnding and the reported low melting temperatures of many compounds in Bi2O3–MoO3 binary
system, a more expansive investigation was made to access the
microwave properties of these compounds. In this work, we will
report on the sintering temperatures and the microwave dielectric properties of nearly all the intermediate compounds in
Bi2O3–MoO3 binary system. There is also a preliminary assessment of the thermochemical compatibility between these compounds and electrode materials Ag and Al at the coﬁring
temperatures.

Preparation, phase composition, microwave dielectric properties, and chemical compatibility with silver and aluminum electrodes were investigated on a series of single-phase compounds
in the Bi2O3–MoO3 binary system. All materials have ultralow
sintering temperatures o8201C. Eight different xBi2O3–(1x)
MoO3 compounds between 0.2rxr0.875 were fabricated and
the associated microwave dielectric properties were studied. The
b-Bi2Mo2O9 single phase has a positive temperature coefﬁcient
of resonant frequency (TCF) about 131 ppm/1C, with a permittivity er 5 38 and Qf 5 12 500 GHz at 300 K and at a frequency of 6.3 GHz. The a-Bi2Mo3O12 and c-Bi2MoO6
compounds both have negative temperature coefﬁcient values
of TCFB215 and B114 ppm/1C, with permittivities of
er 5 19 and 31, Qf 5 21 800 and 16 700 GHz at 300 K measured at resonant frequencies of 7.6 and 6.4 GHz, respectively.
Through sintering the Bi2O3–2.2MoO3 at 6201C for 2 h, a
composite dielectric containing both a and b phase can be obtained with a near-zero temperature coefﬁcient of frequency
TCF 5 13 ppm/1C and a relative dielectric constant er 5 35,
and a large QfB12 000 GHz is also observed. Owing to the
frequent difﬁculty of thermochemical interactions between low
sintering temperature materials and the electrode materials during the coﬁring, preliminary investigations are made to determine any major interactions with possible candidate electrode
metals, Ag and Al. From the above results, the low sintering
temperature, good microwave dielectric properties, chemical
compatibility with Al metal electrode, nontoxicity and price advantage of the Bi2O3–MoO3 binary system, all indicate the potential for a new material system with ultralow temperature
coﬁring for multilayer devices application.

I. Introduction

W

II. Experimental Procedure

the rapid development of mobile communication and
satellite communication, microwave electronic devices are
required to be developed and fabricated for miniaturization and
integration. The low-temperature-coﬁred ceramic technology
(LTCC) becomes an important fabricating technology that
can integrate the passive components within a monolithic bulk
module with IC chips mounted on its surface. By this technology, microwave dielectrics are stacked in multilayers and coﬁred
with internal electrodes, such as Ag, Cu, Au, Al, their alloys etc.,
in special patterns to fulﬁll different electrical functions.1,2
ITH

Proportionate amounts of reagent-grade starting materials of
Bi2O3 (499%, Shu-Du Powders Co. Ltd., Chengdu, China) and
MoO3 (499%, Fuchen Chemical Reagents, Tianjin, China)
were prepared by mixed-oxide approach according to the following stoichiometries: Bi2O3–4MoO3, Bi2Mo3O12, Bi2O3–
2.2MoO3, Bi2Mo2O9, 1.3Bi2O3–MoO3, 3Bi2O3–2MoO3, and
7Bi2O3–MoO3 compositions. Powders were mixed and milled
for 4 h using a planetary mill (Nanjing Machine Factory, Nanjing, China) operating at a running speed of 150 rpm with the
Zirconia balls (2 mm in diameter) used as milling media. The
mixed oxides were calcined at temperatures between 6001 and
7501C for 4 h for each of the different compositions (the calcination temperatures are a little lower than the densiﬁcation
temperatures of ceramic according to the following results).
After being crushed, the powders were remilled for 5 h using
ZrO2 balls and deionized water solvent. Then dried powders were
mixed with PVA binder and granulated, and then these powders
were pressed into cylinders (10 mm in diameter and 5 mm in
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height) in a steel die under a uniaxial pressure of 200 MPa. After
debinding the samples were sintered at various temperatures
ranging from 6001 to 8501C for 2 h. To investigate the chemical
compatibility of Bi2O3–MoO3 compounds with Ag and Al powders, 20 wt% Ag and 20 wt% Al were mixed with the different
compounds and held at the sintering temperatures for 4 h.
The crystalline structures were investigated using X-ray
diffraction (XRD) with CuKa radiation (Rigaku D/MAX2400 X-ray diffractometer, Tokyo, Japan). Microstructures of
coﬁred ceramics were observed on the fracture surface with
scanning electron microscopy (JSM-6460, JEOL, Tokyo, Japan). The dielectric properties were measured at microwave frequency by the TE01d shielded cavity method with a network
analyzer (8720ES, Agilent, Palo Alto, CA) and a temperature
chamber (Delta 9023, Delta Design, Poway, CA). The TCF, tf,
was calculated using the following formula:
tf ¼

f85  f25
f25  ð85  25Þ

(1)

where f85 and f25 were the TE01d resonant frequencies at 851 and
251C, respectively.

III. Results and Discussion
The phase diagram and intermediate compounds of the Bi2O3–
MoO3 system have been studied by many researchers over the
past four decades and it is now fairly well understood for Bi/
Mor2.6.26–36 A redrawn phase diagram and the densiﬁcation
temperatures found in this study are shown in Fig. 1(a), at this
point (solid solution regions are ignored). Belyaev and Smolynaninov34 and Bleijenberg et al.35 reported two congruently melting compounds, Bi2O3–3MoO3 (a) and Bi2O3–MoO3 (g), in the
region 0–50 mol% Bi2O3. Erman et al.27,28,36 found additional
compounds, Bi2O3–2MoO3 (b) and (e) phases having solid solubility with a composition of xBi2O3–MoO3 (1.3oxo1.4).
Phases 7Bi2O3–MoO3 (m) and 3Bi2O3–MoO3 are low- and
high-temperature forms of 3Bi2O3–2MoO3 and were also identiﬁed by XRD as reported by Egashira et al.27 in Bi2O3-rich region. The MoO3-rich region of the Bi2O3–MoO3 binary system
showed very low reaction temperatures and melting temperatures below 7001C. In Bi2O3-rich region the melting temperatures are always below 10001C as shown in Fig. 1(a).
The X-ray diffraction patterns for different compositions of
Bi2O3–MoO3 compounds sintered at their respective densiﬁcation
temperatures are shown in Fig. 2. Pure-phase dense bulk ceramics
for a-Bi2Mo3O12, b-Bi2Mo2O9, g-Bi2MoO6, e-Bi26Mo10O69, and
m-7Bi2O3–MoO3 were all obtained, with relative densities above
96% with the exception of a-Bi2Mo3O12 having a value at about
93%. For the Bi2O3–4MoO3 sample, MoO3 and a-Bi2Mo3O12
phases were found. The Bi2O3–2.2MoO3 composition consisted
of both a and b phases. All the compounds have low sintering
temperatures below 8501C as shown in Fig. 1(a). The typical
crystal structures and coordination numbers of both Mo and
Bi are shown in Fig. 1(b). The a-Bi2Mo3O12, b-Bi2Mo2O9,
g-Bi2MoO6, and e-Bi26Mo10O69 phases have low crystal symmetries with a monoclinic structure. The space groups of
a-Bi2Mo3O12 and b-Bi2Mo2O9 are both P21/n (14). The space
groups of g-Bi2MoO6 and e-Bi26Mo10O69 are P21/c (14) and
P2/a (13), respectively. The m-7Bi2O3–MoO3 compound has a
tetragonal symmetry within this phase (I4/m, number 87). The
coordination environment and bonding of the molybdenum cation have been investigated previously in various molybdate
phases. The molybdenum coordination is mostly found to be
ﬁvefold37 for the a-Bi2Mo3O12, where there are also distortions
in the form of four short Mo–O bonds and intermediate bond
length for each of the three Mo sites. In the Buttrey et al.’s33
study, there is evidence of a tetrahedral Mo coordination in both
the b-Bi2Mo2O9 and g-Bi2MoO6 and the tetrahedra are also
somewhat distorted. The molybdenum coordination of e-Bi26
Mo10O69 is basically tetrahedral, but more distorted than that of

Fig. 1. Phase diagram (data from Kohlmuller and Badaud,26 Egashira
et al.,27 Chen and Smith,28 and Bleijenberg et al.35) and densiﬁcation
temperatures (solid dot with dash line) (a), typical crystal structures and
coordination numbers in Bi2O3–MoO3 system (b).

b and g phases. The presence of four strongly bonded oxygens
(with Mo–O distances below 0.20 nm) for each molybdenum site
is a common feature to all bismuth molybdate phases with the
exception of m-7Bi2O3–MoO3. All the bismuth molybdates inBM7-1/820°C/2hrs
BM3-2/820°C/2hrs
BM1.3-1/820°C/2hrs
Bi2MoO6/750°C/2hrs
Bi2Mo2O2/635°C/2hrs
Bi2Mo3O12/610°C/2hrs
BM1-4/600°C/2hrs
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Fig. 2. X-ray diffraction patterns of Bi2O3–MoO3 compounds sintered
at different temperatures (a-Bi2Mo3O12, b-Bi2Mo2O9, g-Bi2MoO6,
e-Bi26Mo10O69 solid solution, and m-7Bi2O3–MoO3).
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Table I. Microwave Dielectric Properties of Bi2O3–MoO3 Compounds: a-Bi2Mo3O12, b-Bi2Mo2O9, g-Bi2MoO6, e-Bi26Mo10O69,
and m-7Bi2O3–MoO3
Compounds

Bi2O3–4MoO3
Bi2Mo3O12
Bi2O3–2.2MoO3
Bi2Mo2O9
Bi2MoO6
1.3Bi2O3–MoO3
3Bi2O3–2MoO3
7Bi2O3–MoO3

Phase

ST (1C)

Frequency (GHz)

Permittivity

Qf(GHz)

TCF (ppm/1C)

a1MoO3
a
a1b
b
g
e
e
m

60075
610710
620710
620720
750720
820730
820730
820730

8.371
7.577
5.739
6.302
6.434
8.057
6.193
6.236

1771.0
1971.2
3571.5
3871.5
3171.2
2671.2
3171.2
3071.2

93007400
21 8007800
12 0007500
12 5007500
16 7007500
40007400
10007300
19007300

16077.0
21579.0
1372.0
13173.0
11475.0
13975.0
4174.0
12072.5

ST, sintering temperature; TCF, temperature coefﬁcient of resonant frequency.

the oxide components. Attempts were made to calculate the respective permittivities of the Bi2O3–MoO3 compounds using the
oxide additivity rule,38 but in all cases there were poor correlations and consistent underestimates in the magnitude of the
permittivity, which suggest that small dipolar or order–disorder
contributions may also exist in these compounds. TCFs are determined by both the linear thermal expansion coefﬁcient al and
the temperature coefﬁcient of permittivity te.39 Because al of
microwave dielectrics is typically small (in the range of 0B20
ppm/1C), TCF mainly depends on te. Although TCF values of
all the microwave dielectric ceramics collected by Sebastian
et al.2 seemed to scatter randomly, te values were often found to be
sensitive to the value of permittivity in many high-permittivity
systems with similar composition or similar crystal structure.40,41 For the Bi2O3–MoO3 system, TCF values were found
to be approximately linear to the permittivity as shown in
Fig. 3(b). Bond valence considerations provided a useful way
of examining bonding between every atom in particular structures.42,43 The bond valence of each atom can be obtained from
the actual bond length and parameters provided by Brown and
Altermatt.44 Then the apparent valences of atoms at each site
can be obtained by simply summing over all neighbors’ bond
valences. Results for every cation site the valence sums are plotted in Fig. 4(a) as a function of Bi2O3 ratio in Bi2O3–MoO3. It
can be seen that for most phases both Bi and Mo have large
valence deviations except for the b-Bi2Mo2O9 and m-7Bi2O3–
MoO3 phases. Valence deviation suggests the compressing or
expanding of ions, which also means an unstable status of a
cation at its position. The temperature coefﬁcients as a function
of the relative valence deviation of both Bi and Mo are also
shown in Fig. 4(b). It is clear that larger valence deviation causes
a larger TCF value. It can be inferred that ions with larger valences deviation will be more sensitive to temperature change
than that with more normal valences. An exception was found
for Mo valence deviation in a-Bi2Mo3O12 phase. This may
be caused by the different environment of Mo atom in

troduced in this work show a tendency for the bismuth sites to
group into channels, which extend through the crystal structure.
The molybdenum polyhedral forms a discontinuous framework
around these channels. The coordination environment and
bonding of the molybdenum cation might have the dominant
role on the melting temperatures and the densiﬁcation temperatures of Bi2O3–MoO3 compounds. The densiﬁcation temperatures are approximately 80%–90% of the melting temperatures
of the compounds. As shown in Fig. 1(a), the sintering temperatures linearly increased from 6001 to 7501C as x value increased
from 0.2 to 0.5. When x value increased to 0.875, the sintering
temperature of xBi2O3–(1x)MoO3 ceramic was maintained at
around 8201C. In general, MoO3-rich region possesses lower
sintering temperatures than that of Bi2O3-rich region. More Bi
atoms in structure will accelerate the discontinuity of molybdenum polyhedra. This could explain the increase of melting temperature and densiﬁcation temperature when x value increases.
The phase compositions, sintering temperatures, and microwave dielectric properties of eight Bi2O3–MoO3 compositions
are summarized in Table I. Among all the compounds studied,
the b-Bi2Mo2O9 ceramic has the largest dielectric constant of
38 and a positive TCF value at about 131 ppm/1C. Near the
Bi2Mo2O9 composition, there are also two single phases, aBi2Mo3O12 and g-Bi2MoO6, and both have large negative TCF
values of 215.0 and 113.8 ppm/1C, respectively. These three
phases offered large design ﬂexibility to obtain composite ceramics with adjustable TCF values by relative mixing of the
phases, such as in the Bi2O3–2.2MoO3 composition with both a
and b phases providing a near-zero TCF about 13.4 ppm/1C.
The high-frequency room-temperature permittivity is plotted as
a function of Bi2O3 ratio across the Bi2O3–MoO3 system. Also
the TCFs are plotted as a function of permittivity and are shown
in Figs. 3(a) and (b). The b-Bi2Mo2O9 and Bi2O3–4MoO3 compositions have the biggest and smallest permittivity, respectively.
Dielectric constant in the microwave region is usually dominated by the ionic and electronic polarizability contributions of
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Fig. 3. Permittivity as a function of Bi2O3 ratio in Bi2O3–MoO3 system (a) and temperature coefﬁcient of resonant frequency as a function of
permittivity (b).

October 2009

2245

Microwave Dielectric Properties of Bi2O3–MoO3 System

Fig. 4. Valence of each cation as a function of Bi2O3 ratio in Bi2O3–MoO3 system (a) (hollow circle J for each atom and solid dot  for mean values)
and temperature coefﬁcients of resonant frequencies as a function of the valence deviation of cations (b).

then formed new product phases of AgBi(MoO4)2 and other
unidentiﬁed phases containing Ag and Mo. Figure 5(b) shows
the XRD results of coﬁred samples with 20 wt% Al. For the
b-Bi2Mo2O9 and a-Bi2Mo3O12 samples, only pure b-Bi2Mo2O9,
a-Bi2Mo3O12, and aluminum phases were identiﬁed inferring
that there were no chemical interactions. For the Bi2O3–4MoO3
samples, an Al2(MoO4)3 phase was formed with excess MoO3.
Although Mo is an active element that easily reacts with Ag and
Al, the formation of bismuth-based compounds effectively suppress chemical reactions at these low temperatures. In summary,
compounds in the Bi2O3–MoO3 binary system are attractive
candidate materials for an Ultra LTCC technology given the
intrinsic low ﬁring temperatures, excellent microwave dielectric

a-Bi2Mo3O12 phase from other phases, i.e. a pentahedron rather
than a tetrahedron. In fact, Bi31 has nearly twice bigger polarizability than that of Mo61 from the data reported by Shannon45 and Choi et al.46 Hence, the Bi valence deviation should
dominate the change trend of TCF values.
Finally, a brief and preliminary investigation of the chemical
compatibility of Bi2O3–MoO3 compounds with common metal
electrode materials is made. This was assessed by mixing 20 wt%
Ag and 20 wt% Al powders with b-Bi2Mo2O9, a-Bi2Mo3O12,
and Bi2O3–4MoO3 samples, which were coﬁred at 6001B6301C
for 4 h. The XRD patterns of Bi2O3–MoO3 compounds coﬁred
with 20 wt% Ag are shown in Fig. 5(a). In the MoO3-rich region, Ag seemed more easy to react with MoO3 and Bi2O3, and
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Fig. 5. X-ray diffraction patterns of Bi2O3–MoO3 compounds coﬁred with 20 wt% Ag (a) and 20 wt% Al (b) at around 6301C (J, AgBi(MoO4)2;
Al (MoO ) (PDF:23-0764)), BEI photos of Bi Mo O coﬁred with Al (c) and Bi Mo O coﬁred with Al (d).
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properties, and relatively high chemical stability with the electrode materials Al, at the low coﬁring temperatures.

IV. Conclusions
A series of single phases and complex phases in Bi2O3–MoO3
binary system that exhibited very low sintering temperature and
good microwave dielectric properties was introduced. Among
them the b-Bi2Mo2O9 single phase has a dielectric constant of
about 38, a Qf of about 12 500 GHz, and a positive TCF of
about 131 ppm/1C. Two other single phases near b-Bi2Mo2O9
in the Bi2O3–MoO3 binary diagram were a-Bi2Mo3O12 and gBi2MoO6 and they both have negative TCF values. This offered
the possibility to design some complex phases with near-zero
TCF values and Bi2O3–2.2MoO3 designed in this work made an
example. To apply this system in Ultra LTCC technology, we
also studied the chemical compatibility of Bi2O3–MoO3 system
with silver and aluminum. It is found that Ag reacts with
samples easily and forms a AgBi(MoO4)2 phase, whereas the
b-Bi2Mo2O9 and a-Bi2Mo3O12 ceramics did not appear to react
with aluminum at 6301C.
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