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a b s t r a c t
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 compositions were designed with 0.05 ≤ x ≤ 0.4 and ceramics were prepared using solid state reaction method. All ceramics were well densiﬁed when sintering temperature
was above 960 ◦ C. Single monoclinic phase was obtained when x value was less than 0.2 and
Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramic was composed of both monoclinic phase and orthorhombic phase. As
x value increased from 0.05 to 0.2, microwave dielectric constant of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics
increased from 22.1 to 31.4 while Qf value decreasing from 41000 GHz to 8000 GHz and TCF shifting from
−54.4 ppm ◦ C−1 to +8 ppm ◦ C−1 . Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramic has also good microwave dielectric
properties with dielectric constant about 34.7, Qf value about 16000 GHz and TCF about +16.1 ppm ◦ C−1 .
This kind of ceramics might be a good candidate for LTCC application.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Microwave dielectric materials have to possess dielectric
characteristics [1–3] such as high dielectric constant (εr ), high
quality factor (Q), and stable temperature coefﬁcient of the
resonant frequency (TCF/f ≈ 0 ppm ◦ C−1 ). Recently, varieties of
low-temperature sintered microwave dielectric ceramics which
could be co-ﬁred with high conductivity metals such as Ag or
Cu have been studied for the fabrication of multilayer microwave
devices. Therefore, much attention has been paid to develop the
low-temperature co-ﬁred ceramics (LTCC). Generally speaking,
high dielectric constant (εr ), high quality factor (Q), near zero TCF
and low sintering temperature were strongly required for LTCC
application [4–7].
Bismuth-based dielectric ceramics are well-known as lowﬁred materials and have been investigated for the application as
multilayer capacitors [8,9]. In Bi2 O3 –Nb2 O5 systems BiNbO4 has
attracted much attention because of its good sintering behavior
(well densiﬁed below 960 ◦ C with a small amount of CuO, WO3 or
V2 O5 addition) and excellent microwave dielectric properties with
dielectric constant εr about 43, Qf value about 5000–20000 GHz
and TCF value about −20 to +20 ppm ◦ C−1 [4,7,10–13]. Considering
the similar ion radii and characteristic of Ta5+ , Sb5+ and Nb5+ , Wang
et al. ever used Ta5+ and Sb5+ to substitute Nb5+ in BiNbO4 and
pure orthorhombic phase of BiNb1−x (Ta,Sb)x O4 could be obtained
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at 0 ≤ x ≤ 0.4 [14,15]. In our previous work, pure BiSbO4 ceramics
with monoclinic structure were synthesized via solid state reaction
method and good microwave dielectric properties were obtained in
ceramics sintered at 1080 ◦ C with dielectric constant about 19, Qf
values about 70000 GHz and TCF about −62 ppm ◦ C−1 . It was found
that after co-ﬁring with 20 wt.% Ag at 900 ◦ C for 5 h only very little
unknown phase consisting of a little Ag was formed, and most Ag
was scattered in the grain boundaries. BiSbO4 ceramics might be
a good candidate for LTCC application [16]. BiSbO4 has also been
reported in detail as novel p-block metal oxide, possessing a visible light response for the photocatalytic degradation of methylene
blue, by Lin et al. [17]. Considering potential value in various application of monoclinic phase of BiSbO4 , it is necessary and meaningful
to do some initial study to modify its physical and chemical
properties. In this work, Nb5+ was used to substitute Sb5+ in monoclinic BiSbO4 . Considering that substitution of V2 O5 could lowered
sintering temperature efﬁciently [4,7,18], Bi(Nb0.992 V0.008 )O4 composition was used as the starting material to mix with BiSbO4 .
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 compositions were designed with
0.05 ≤ x ≤ 0.4. Sintering behavior, phase evolution and microwave
dielectric properties of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics were
studied and their relationship was also discussed in detail.
2. Experimental procedure
BiSbO4 and Bi(Nb0.992 V0.008 )O4 powder compositions were prepared using solid
state reaction method, respectively. The starting materials were Bi2 O3 (>99%, ShuDu Powders Co. Ltd., China), Nb2 O5 (>99%, Zhu-Zhou Harden Alloys Co., Ltd., China),
Sb2 O3 and V2 O5 (>99%, Guo-Yao Co., Ltd., China). After being milled for 4.5 h with
ZrO2 balls using ethanol, mixed powders were calcined at 500 ◦ C and 750 ◦ C for 4 h
continuously. According to the compositions Bi{Sb1−x (Nb0.992 V0.008 )x }O4 (x = 0.05,
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Fig. 2. Apparent density of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics as a function of
sintering temperature.

Fig. 1. XRD patterns of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics sintered at 990 ◦ C for
2 h (S-monoclinic phase of Bi(Sb,Nb)O4 , N-orthorhombic phase of Bi(Nb,Sb)O4 ).

0.1, 0.2, 0.4; samples were named BSN005, BSN010, BSN020 and BSN040, respectively), BiSbO4 and Bi(Nb0.992 V0.008 )O4 powders were mixed and ball-milled for 5 h
again. Final mixed powders were uniaxially pressed into pellets of 10 mm diameter
and 5 mm thickness with proper PVA addition. The pellets then were sintered at
temperatures between 960 ◦ C and 1050 ◦ C for 2 h in air.
After surface polished, crystalline structures of samples were investigated using
an X-ray diffractometry with Cu K␣ radiation (Rigaku D/MAX-2400 X-ray diffractometry, Japan). Apparent densities of ceramics were measured using Archimedes’
method. The polished surfaces of ceramics were investigated by scanning electron
microscopy (JEOL JSM-6460, Japan) after thermal etching at 850 ◦ C for 30 min in air.
Dielectric behaviors at microwave frequency were measured by the TE01␦ shielded
cavity method with a network analyzer (8720ES, Agilent, USA) and a temperature chamber (Delta Design 9023, USA). The temperature coefﬁcients of resonant
frequency TCF was calculated by the following formula:
TCF =

f85 − f25
f85 × (85 − 25)

(1)

where f85 and f25 were the TE01␦ resonant frequencies at 85 ◦ C and 25 ◦ C, respectively.

3. Results and discussions
XRD patterns of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics sintered
at 990 ◦ C for 2 h were illustrated in Fig. 1. When x value was
smaller than 0.4, Nb5+ could absolutely substitute Sb5+ in monoclinic phase BiSbO4 and form the solid solution Bi(Sb,Nb)O4 . When
x increased to 0.4, main phase was indexed as orthorhombic phase
of Bi(Nb,Sb)O4 and only very weak peaks of monoclinic phase could
be observed. As reported by Wang [14], when x increased to 0.6,
Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 would appear as pure orthorhombic
phase. It indicates that orthorhombic phase has broader tolerance region than monoclinic phase in BiSbO4 –BiNbO4 binary
system.
Fig. 2 shows the apparent density of Bi{Sb1−x (Nb0.992 V0.008 )x }O4
ceramics as a function of sintering temperature. Ceramics got
their saturated density when sintering temperature was above
990 ◦ C for x = 0.05 and x = 0.1. Bi{Sb0.8 (Nb0.992 V0.008 )0.2 }O4 ceramic
could be well densiﬁed at temperature of 960 ◦ C. As x value
increased from 0.05 to 0.20, density of Bi{Sb1−x (Nb0.992 V0.008 )x }O4
ceramics decreased from about 8.15 g cm−3 to 8.00 g cm−3 because
of the smaller atom weight of (Nb0.992 V0.008 )5+ than Sb5+ .
Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramic could also be well densiﬁed
at temperature of 960 ◦ C but its density sharply decreased to
about 7.65 g cm−3 due to both the substitution of Nb5+ for Sb5+
and the appearance of orthorhombic phase (pure orthorhombic
BiNbO4 has a density of 7.345 g cm−3 ). All the relative densities of
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics were above 96% (density of
pure BiSbO4 is 8.459 g cm−3 ) [19].

SEM micrographs of polished surface (after thermal etching)
of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics sintered at 990 ◦ C for 2 h
are shown in Fig. 3. Grains sizes of Bi{Sb1−x (Nb0.992 V0.008 )x }O4
ceramics at x = 0.05 and x = 0.10 scattered evenly between 0.75 m
and 2 m. When x value increased to 0.20, many very small
grains could be observed and the average grains sizes became
smaller than 1 m. The size distribution of grains was broadened. Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramic was composed of both
orthorhombic phase and monoclinic phase. Because of the similar composition of these two phases, no evident difference could
be observed in SEM photos as shown in Fig. 3(d). Grain size
of Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramic lied between 1.5 m and
2 m.
Microwave dielectric properties of Bi{Sb1−x (Nb0.992 V0.008 )x }O4
ceramics as a function of x value are shown in Fig. 4. Pure BiSbO4 has
the εr of about 19 as reported in our previous work [16]. Dielectric
constant of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics increased from
about 22.1 to 34.7 as x value increased from 0.05 to 0.4. Considering that (Nb0.992 V0.008 )5+ had larger polarizability [20] than
Sb5+ [21] and orthorhombic Bi(Nb0.992 V0.008 )O4 had a permittivity [4,18] about 43, the increase of εr versus x value could be
attributed to both the substitution and structure transformation.
Qf values of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics ﬁrst decreased
from 41000 GHz to 8000 GHz as x value increased from 0.05 to
0.2 in the region of monoclinic phase. Main origin of dielectric
loss is the anharmonic terms in the crystal’s potential energy.
Substitution of (Nb0.992 V0.008 )5+ increased the polarizability of
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 , meanwhile the stronger oscillation of
(Nb0.992 V0.008 )5+ than Sb5+ would introduce more intrinsic dielectric loss due to the contribution of increasing anharmonic terms
[22]. This might be the main reason for the decrease of Qf values as x
value increase. Orthorhombic Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 ceramics had the Qf value about 16000 GHz, which was similar with that
of orthorhombic BiNbO4 [4,14].
The molecular dielectric polarizability ˛x , which contains both
ionic and electronic components, could be calculated from the
dielectric constant and the molar volume, Vx in Å3 , using the
Clausius–Mossotti relation:
˛x =

Vx × (εx − 1)
b × (εx + 2)

(2)

where b is assumed to be 4/3 for a cubic material and εx is the
calculated dielectric constant of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 . Shannon, Subramanian et al. [20,23–27] pointed out that while this
equation is strictly valid only for compounds where the molecule
has cubic symmetry, it can also be used as a good approximation to
many non-cubic materials.
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Fig. 3. SEM micrographs of polished surface (after thermal etching) of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics sintered at 990 ◦ C for 2 h ((a) x = 0.05, (b) x = 0.10, (c) x = 0.20, and
(d) x = 0.40).
3

abilities as given by Shannon [20] (˛Bi3+ = 6.12 Å , ˛Nb5+ =
3

3.97 Å , ˛V5+ = 2.92 Å
3

Fig. 4. Microwave dielectric constant εr and Qf values of Bi{Sb1−x (Nb0.992 V0.008 )x }O4
ceramics as a function of x value.

The dielectric polarizability for Bi{Sb1−x (Nb0.992 V0.008 )x }O4 follows the oxide additivity rule [28]:
˛x = ˛Bi3+ + (1 − x) × ˛Sb5+ + x × (0.992˛Nb5+ + 0.008˛V5+ )
+4˛O2−

(3)

where ˛x is the total dielectric polarizability for the
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 , and ˛Bi3+ , ˛Sb5+ , ˛Nb5+ , ˛V5+ and
˛O2− are the polarizabilities of Bi3+ , Sb5+ , Nb5+ , V5+ and O2− ,
respectively. Using the Clausius–Mossotti relationship, polariz-

3

3

and ˛O2− = 2.01 Å ) and Tidrow [21]

(˛Sb5+ = 1.18 ± 0.49 Å ) and the cell volumes, the dielectric constant εcal of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 could be calculated and
listed in Table 1 with measured microwave dielectric properties
and relative density. The deviations from measured dielectric
constant might be caused by the following possible reasons: 1,
measurement errors; 2, inﬂuence of pores and phase compositions;
3, permanent dipole moments (ferroelectric or antiferroelectric
materials) or “rattling” or “compressed” cations [20,27]. The
inﬂuence of rattling cation was described by Dunitz et al. as a
progressive “loosening of the central cation at the center of its
surrounding octahedron to off-center displacements characteristic
of ferroelectric and antiferroelectric substances” as the size of the
central cation in an octahedron decreases [20,29]. Orthorhombic
BiNbO4 was believed to be antiferroelectric in the temperature
range from 20 ◦ C to 360 ◦ C [30]. Its speciﬁc crystalline structure
determined that its polarizability did not obey the oxide additivity
rule. This could explain the large relative errors for orthorhombic
Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4 sample. In addition, the ionic polarizability used here are all empirical calculated from many series of
oxides. High dielectric constant of many oxides must be attributed
to their speciﬁc crystalline structure and atom positions. The work
on the dielectric constant of ABO4 systems will be studied further.

Table 1
Relative density and calculated dielectric constant of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics
x value

Density (g cm−3 )

Relative density

εmeas

εcal

Qf (GHz)

TCF (ppm ◦ C−1 )

0.05
0.10
0.20
0.40

8.15
8.09
8.00
7.65

0.970
0.966
0.968
0.984

22.1
24.2
31.4
34.7

19.33
20.13
21.69
19.00

41000
33000
8000
16000

−54.4
−46.2
+8.0
+16.1

268

D. Zhou et al. / Materials Chemistry and Physics 113 (2009) 265–268

Fig.
5. Temperature
coefﬁcient
of
resonant
frequency
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics as a function of x values.

(TCF)

of

Fig. 5 shows the temperature coefﬁcient of resonant frequency (TCF) of Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics as a function
of x values. The TCF of pure monoclinic BiSbO4 was about
−62 ppm ◦ C−1 as reported in our previous work [16]. The TCF of
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics shifted from −54.4 ppm ◦ C−1
to +8 ppm ◦ C−1 as x value increased from 0.05 to 0.2 in the range of
monoclinic solid solution. The TCF of Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4
was about +16.1 ppm ◦ C−1 because of its main phase was
orthorhombic phase.
4. Conclusions
Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics with 0.05 ≤ x ≤ 0.4 were
well prepared using solid state reaction method. All the ceramics
could be well densiﬁed at the temperature above 990 ◦ C. As x value
increased from 0.05 to 0.2, single monoclinic phase was obtained
and microwave dielectric constant increased from 22.1 to 31.4
while Qf value decreasing from 41 kGHz to 8 kGHz and TCF shifting
from −54.4 ppm ◦ C−1 to +8 ppm ◦ C−1 . Bi{Sb0.6 (Nb0.992 V0.008 )0.4 }O4
ceramic was found to composed of both monoclinic phase and
orthorhombic phase. It also had good microwave dielectric properties with dielectric constant about 34.7, Qf value about 16 kGHz
and TCF about +16.1 ppm ◦ C−1 . Bi{Sb1−x (Nb0.992 V0.008 )x }O4 ceramics might be a good candidate for LTCC application.
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