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A B S T R A C T

Herein, the x(NaBi)0.5MoO4-(1-x)Bi2/3MoO4 (xNBM-(1-x)BMO, x = 0.2 ∼ 0.8) microwave dielectric ceramics
with low sintering temperatures were prepared via the traditional solid-state method to adjust the τf value and
dielectric constant. The crystal structure was determined using X-Ray diffraction and Raman spectroscopy, the
microstructure was investigated using scanning electron micrograph and energy disperse spectroscopy, and the
dielectric properties were studied using a network analyser and infrared spectroscopy. For the xNBM-(1-x)BMO
composite ceramics, the (NaBi)0.5MoO4 tetragonal phase coexisted with the Bi2/3MoO4 monoclinic phase. With
the rise of x value, the permittivity increased from 23.7–29.8, and the τf value shifited from -53.3 ppm/°C to
-13.7 ppm/°C. The 0.8NBM-0.2BMO ceramic sintered at 680 °C possessed excellent microwave dielectric
properties with a εr = 29.8 (6.7 GHz), a Qf = 11,800 GHz, and a τf = -13.7 ppm/°C. These results made the
xNBM-(1-x)BMO composite ceramics great candidates in low temperature co-fired ceramics technology.

1. Introduction

The investigation of microwave dielectric materials is closely re-
lated to the development of modern mobile communication systems,
and various microwave dielectric ceramics are used at different fre-
quency bands. Currently, 5th generation wireless systems have received
increasing attention from both industry and researchers, especially the
investigation of microwave devices applied at the millimetre wave
band. Furthermore, due to the requirements of different fields of com-
munication technology, microwave dielectric materials with different
permittivities are required to produce various microwave devices
[1–4]. Recently, the novel ceramic fabrication technology, low-

temperature co-fired ceramic (LTCC) technology, has provided tech-
nical support for the fabrication of integrated microwave devices. Mi-
crowave components and devices can be massively manufactured using
LTCC technology, and it helps integrate and minimize the dimension of
devices. For example, the devices used in Massive MIMO (multiple
input multiple output) need to be largely produced with LTCC tech-
nology [5]. To be employed in LTCC technology, microwave dielectric
ceramics must meet the following requirements. First, considering that
the metal electrode has a low melting temperature (such as Ag with MP
961 °C), the microwave materials need an intrinsic low-firing tem-
perature to co-fire with the electrode. Second, a suitable permittivity is
an important factor for the microwave devices with certain dimensions.
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Third, the near-zero τf value is another indispensable performance
parameter for microwave devices to work stably at various operating
temperatures. Finally, the raw materials should be non-hazardous for
environmental protection [6–10]. Hence, microwave materials with
low firing temperatures, various permittivities high Qf values (Q = 1/
dielectric loss; f = resonant frequency) and near-zero τf values might be
used in LTCC technologies.

Recently, many excellent microwave materials with low sintering
temperatures have been reported in Bi-rich, Li-rich, V-rich and Mo-rich
materials. Fang et al. found that LiMVO6 (M = Mo, W) ceramics could
densify below 700 °C and display favourable microwave dielectric
properties (εr = 11.5 and 13.3, Qf = 12,460 and 13,260 GHz, τf =
+101 and +168.8 ppm/°C) [11]. Udovic et al. used the Bi2O3-TeO2

system to prepare a series of microwave ceramics sintered below 800
°C, and these ceramics showed good dielectric properties (εr = 30 ∼
54, Qf = 1,100 ∼ 41,000 GHz, τf = -43 ∼ -144 ppm/°C) [12].
Tellurates and vanadates have toxic components that are not en-
vironmentally friendly, many researchers have given more attention to
Mo-based microwave ceramics. Since phase diagrams are very useful
for the development of microwave materials, Zhou et al. used the Bi2O3-
MoO3 two-phase diagram and found a battery of ceramics with ex-
cellent microwave dielectric properties: Bi2MoO6 sintered at 750 °C
with εr = 31, Qf = 16,700 GHz and τf = -114 ppm/°C; Bi2Mo2O9

sintered at 620 °C with εr = 38, Qf = 12,500 GHz and τf = +31 ppm/
°C; Bi2Mo3O12 sintered at 610 °C with εr = 19, Qf = 21,800 GHz and τf
= -215 ppm/°C [13]. Later, it was found that many A2+B6+O4 oxides
with scheelite structures have low sintering temperatures and flexible
microstructures to improve the microwave dielectric properties of
ceramics [14–17]. Zhou et al. reported the (ABi)0.5MoO4 (A = Ag, Na)
ceramic sintered at 690 °C with high-performance dielectric properties
(εr = 30.4 and 34.4, Qf = 12,600 and 12,300 GHz, τf = +57 and +43
ppm/°C) [18]. The phase analysis of the ceramics is very important, and
the microstructure of microwave ceramics is closely related to the mi-
crowave properties. Many tools are applied to conduct supporting
studies. Raman spectroscopy and Fourier transform infrared spectro-
scopy are very useful tools to study ceramic material microstructure
and analyse the dielectric response occurring in internal ceramics. With
Raman spectroscopy, all the vibration modes between different ions can
be gained, and this information is valid evidence to reveal the micro-
mechanism in the ceramic material [19,20]. Moreover, according to the
fitted infrared spectrum, the intrinsic dielectric effect determined by the
polar optical phonon could be revealed [21,22]. In this work, based on
the Na2O-Bi2O3-MoO3 ternary phase diagram, a series of x(Na-
Bi)0.5MoO4-(1-x)Bi2/3MoO4 (xNBM-(1-x)BMO, x= 0.2∼ 0.8) ceramics
were prepared using conventional synthesis. The crystalline phase,
micro-morphology, and dielectric properties were investigated with the
volume ratio of the composition.

2. Experimental procedure

A series of x(NaBi)0.5MoO4-(1-x)Bi2/3MoO4 (xNBM-(1-x)BMO, x =
0.2 ∼ 0.8) ceramics was proportionally synthesised using the high-
purity materials Bi2O3 (> 99 %), Na2CO3 (> 99 %), and MoO3

(> 99.95 %). The preparative powders were mixed with alcohol using a
planetary ball mill for 4 h, and the dried powders were calcined at 550
°C for 4 ∼ 6 h. Then, the calcined powders were crudely crushed using
a mortar and finely ground using a ball mill for 4 h. The wet powders
were dried in a oven for 12 h. Then PVA binder was added to the
powders, and the powders were granulated. Finally, these materials
were put into a steel die and pressed into cylinders using a hydropress.
The height and diameter of the samples are 4 mm and 10 mm, re-
spectively. In addition, the pressure applied to the sample is 100 MPa.
All the samples were sintered in a muffle furnace, and the sintering
temperature ranged from 620 °C to 680 °C for 2 h.

Room temperature XRD was applied to identify the crystalline phase
of the ceramics, and the radiation was from a Cu Kα source. The surface

and fracture features of the ceramic were observed using scanning
electron microscopy (SEM). Raman spectra were measured using a
Raman spectrometer. An Ar+ laser (514.5 nm) was applied as a
pumping source with a power of 20 mW. IR reflectivity spectra were
collected on polished pellets using a Bruker Optik IFS 66v FTIR spec-
trometer (IFS 66v/S Vacuum; Bruker Optik GmbH, Germany). The bulk
densities of the xNBM-(1-x)BMO ceramics are measured by the
Archimedes principle. The dielectric properties of the samples were
measured using a network analyser (8720ES, Agilent, Palo Alto, CA),
and the calculated data were obtained with the TE01δ shielded cavity
method. A temperature chamber (Delta 9023, Delta Design, Poway, CA)
connected with the network analyser was used to test the temperature
coefficient of resonant frequency (τf value). The testing temperature
ranged from 25 °C to 85 °C, and the τf value was calculated with the
following formula:

=
−

−
×τ

f f
f

ppm C
(85 25)

10 /f
o85 25

25

6

(1)

where f85 is the TE01δ resonant frequency at 85 °C and f25 is the TE01δ
resonant frequency at 25 °C.

3. Results and discussions

All the compositions of the xNBM-(1-x)BMO ceramics (x = 0.2 ∼
0.8) are located in the Na2O-Bi2O3-MoO3 ternary phase diagram as
shown in Fig. 1. In this ternary phase diagram, Zhou et al. studied the
Bi2O3-MoO3 binary system and found a series of microwave ceramics
(Bi2Mo3O12, Bi2Mo2O9, Bi2MoO6) with favourable dielectric properties.
[13] Zhang et al. studied a series of Na2O-MoO3 binary materials, such
as Na6Mo11O36, Na2Mo2O7, Na2MoO4, with good microwave dielectric
properties. [23] The powder diffraction patterns of these ceramics
sintered at their optimal temperature are shown in Fig. 2. In the XRD
patterns, the peaks indexed as the tetragonal phase are derived from the
(NaBi)0.5MoO4 ceramic, [24] and the other peaks indexed as the
monoclinic phase are derived from the Bi2/3MoO4 (Bi2Mo3O12) ceramic.
[25] These two phases were found to coexist with each other, and all
the peaks corresponded well with the PDF card (No.21−0103) and PDF
card (No.51–1508). As shown in the enlarged image in Fig. 2, when x
value increases, the intensities of the (-221), (023), (100) and (012)
peaks of the Bi2/3MoO4 ceramic gradually decrease, while the in-
tensities of the (112), (004) and (204) peaks of the (NaBi)0.5MoO4

ceramic increase. Furthermore, only the peaks of the (NaBi)0.5MoO4

ceramic and Bi2/3MoO4 ceramic can be observed in the XRD patterns.
Hence, a series of xNBM-(1-x)BMO composite ceramics have been
successfully prepared without extra phases. In addition, crystal struc-
tures of the (NaBi)0.5MoO4 and Bi2/3MoO4 ceramics are shown in inset
in Fig. 2. The (NaBi)0.5MoO4 ceramic belongs to a tetragonal scheelite
phase with (NaBi) ions occupying the A-site, and the Bi2/3MoO4

ceramic is a monoclinic phase with a Bi3+ ion occupying the A-site.
SEM micrographs of the xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) ceramics

sintered at different temperatures are shown in Fig. 3(a∼d) and the
polished surface of 0.8NBM-0.2BMO ceramic after thermal etching is
shown in Fig. 3(e). As shown in Fig. 3(a), two phases are clearly ob-
served in the 0.2NBM-0.8BMO ceramic, and small grains are distributed
at the grain boundaries of the large ones. As x value increases, the
xNBM-(1-x)BMO ceramics show a dense and homogeneous micro-
structure, and the small grains gradually disappear. The grain size of
the large ones decreases from 8 ∼ 10 μm to 3 ∼ 5 μm. When x value
reaches 0.8, as-fired surface of the 0.8NBM-0.2BMO ceramic only shows
large grains. However, as seen from the thermally etched surfaces, it is
clearly that two kinds of grains co-exist in the ceramics.

For a further study on the existence of two phases in 0.8NBM-
0.2BMO ceramic, the cross-section of the 0.8NBM-0.2BMO ceramic is
investigated. The SEM image of the cross-section of the 0.8NBM-
0.2BMO ceramic is shown in Fig. 4(a) and the SEM image of the
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0.8NBM-0.2BMO ceramic after thermal etching is shown in Fig. 4(b).
Compared with the cross-section of 0.8NBM-0.2BMO ceramic in
Fig. 4(a), when the polished sample is annealed at 610 °C, two kinds of
grains appear in the polished cross-section of the 0.8NBM-0.2BMO
ceramic in Fig. 4(b). Especially inset BS-SEM image in Fig. 4(b), this
phenomenon can be clearly observed. According to the literature, [13]
the sintering temperature of the Bi2/3MoO4 ceramic is 620 °C, and the
annealing process causes Bi2/3MoO4 ceramic grain growth. From EDS
analysis in Fig. 4(c∼d), it can be seen that the large grains (e.g. Spot B)
with a dark grey colour belong to the (NaBi)0.5MoO4 phase and the
small grains (e.g. Spot A) with a bright white colour are identified as the
Bi2/3MoO4 phase. However, these small grains still include Na element
derived from the (NaBi)0.5MoO4. Hence, it can be concluded that the

Bi2/3MoO4 phase and (NaBi)0.5MoO4 phase may have partial solid so-
lutions and the two phases coexist with each other. This phenomenon is
similar to the XRD analysis above.

The Raman spectrum is a useful tool to confirm the phase of the
ceramic and to provide information on the short-range characteristics
in crystalline materials. From the analysis of XRD data, the xNBM-(1-x)
BMO ceramics have two phases. The (NaBi)0.5MoO4 ceramic belongs to
the scheelite structure with the I41/a space group, and Bi2/3MoO4 be-
longs to the monoclinic structure with the P21/c space group.
According to the literature, [26] the (NaBi)0.5MoO4 ceramic with tet-
ragonal structure has 26 vibration modes, and the calculated results are
as follows:

Fig. 1. The xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) (red circle) ceramics in the Na2O-Bi2O3-MoO3 ternary phase diagram.

Fig. 2. XRD patterns of the xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) ceramics (♠ is (NaBi)0.5MoO4 and ♣ is Bi2/3MoO4 phase), the crystal structures of the (NaBi)0.5MoO4

ceramic (inset), the crystal structures of the Bi2/3MoO4 ceramic (inset).
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Fig. 3. SEM images of surfaces of xNBM-(1-x)BMO ceramics sintered at different temperature (a) x = 0.2 (620 °C for 2 h), (b) x = 0.4 (640 °C for 2 h), (c) x = 0.6
(660 °C for 2 h), (d) x = 0.8 (680 °C for 2 h), (e) SEM images of polished surface of 0.8NBM-0.2BMO ceramic after thermal etching (610 °C for 2 h).

Fig. 4. (a) SEM image of cross-section without etching, (b) SEM image and BS-SEM image (inset) of polished cross-section with etching of 0.8NBM-0.2BMO ceramic,
(c) and (d) EDS analysis of 0.8NBM-0.2BMO ceramic annealed at 610 °C for 2 h.
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All g modes are Raman-active; Au and Eu are IR-active. As shown in
Fig. 5, when x is 0.2, the strong peaks at 816.2 cm−1 and 903.7 cm−1

belong to the stretching vibrations, and the secondary strong peaks at
78.1 cm−1 and 123.2 cm−1 belong to the vibrations of A-site ions.
These peaks all come from Bi2/3MoO4 (marked as b), while the vibra-
tional modes of (NaBi)0.5MoO4 (marked as a) are also observed. This
result indicates that the xNBM-(1-x)BMO ceramics are composed of two
phases. When x is 0.8, the strongest vibrational mode near 879.2 cm−1

is assigned to the symmetric stretching vibration between Mo and O,
and the weaker shoulder near 763.7 cm−1 is assigned to the anti-
symmetric MoeO stretching mode. The next strong vibration mode
near 324.8 cm−1 is assigned to the symmetric Mo-O bending vibration,
and the peak near 385.6 cm−1 came from the anti-symmetric Mo-O
bending vibration [27]. However, vibrational peaks from the Bi2/
3MoO4 ceramic are too weak to be observed.

The Fourier transform infrared spectra of the xNBM-(1-x)BMO
ceramics are shown in Fig. 6. When x value is 0.2, the peaks (marked as
1) of the vibrational modes at 93 cm−1, 154 cm−1, 304 cm−1, 461
cm−1, 545 cm−1, 632 cm−1, 696 cm−1, 717 cm−1, and 931 cm−1 all
belong to the IR vibration of the Bi2/3MoO4 ceramic, and the intensities
of these peaks are very strong; moreover, the peaks from the (Na-
Bi)0.5MoO4 are also observed. As x value increases, the peaks from the
Bi2/3MoO4 ceramic decrease. When x value is 0.8, the peaks (marked as
2) of the vibrational modes at 84 cm−1, 129 cm−1, 167 cm−1, 258
cm−1, 309 cm−1, 399 cm−1, 727 cm−1, 776 cm−1, 835 cm−1, and 901
cm−1 all belong to the IR vibration of the (NaBi)0.5MoO4 ceramic. The
number of vibrational modes decreases due to the reduction of Bi2/
3MoO4 ceramic.

The fitted infrared spectra of xNBM-(1-x)BMO ceramics based on
the classical harmonic oscillator model employs the Lorentz formula
[Eq. (3)] to analyse the complex dielectric response in ceramics:

∑= +
− −

∗
∞

=

ε ω ε
ω

ω ω iγ ω
( )

j

n
pj

oj j1

2

2 2
(3)

where ε*(ω) is the compositive dielectric function; ε∞ is the di-
electric constant derived from the electronic polarization at a high
frequency; ωpj is the plasma frequency; ωoj is the transverse frequency;
γj is the damping factor of the j-th Lorentz oscillator; and n is the
number of transverse phonon modes. The complex reflectivity R(ω) can
be calculated with the following formula [Eq. (4)]. [28]
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Fig. 7 shows the calculated dielectric constant ε'(ω) and loss ε"(ω)
gained from the fitted infrared reflectivity. When x is 0.2, the Bi2/
3MoO4 ceramic is the primary component of the xNBM-(1-x)BMO
ceramic. The calculated permittivity is similar to the measured value of
the Bi2/3MoO4 ceramic. When x increases, the calculated permittivity
has an increasing trend and is close to the measured value of the (Na-
Bi)0.5MoO4 ceramic. However, all the calculated values are inferior to
the measured one at the microwave frequency, and the loss is inversely
related to the dielectric constant and is slightly higher than the mea-
sured one. These results infer that the phonons in infrared regions lead
to the polarization response of xNBM-(1-x)BMO ceramics at the mi-
crowave frequency.

According to the XRD results, it is clearly seen that two phases co-
exist in the xNBM-(1-x)BMO ceramics. Hence, the theoretical densities
of these composite ceramics are calculated by the following formula:
[29]

=
+

+
ρ

ρ v ρ v
v vt

1 1 2 2

1 2 (5)

where ρ1 and ρ2 are the theoretical densities of the independent

Fig. 5. The observed and calculated Raman spectroscopy of xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) ceramics (a the peaks of vibration modes came from the
(NaBi)0.5MoO4, b the peaks of vibration modes came from the Bi2/3MoO4).
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ceramics and v1 and v2 are the volume fractions of (NaBi)0.5MoO4 and
Bi2/3MoO4, respectively. According to the literatures [24,25], the the-
oretical density of the (NaBi)0.5MoO4 ceramic is 5.69 g/cm3, and the
Bi2/3MoO4 ceramic is 6.19 g/cm3. When x value increases, the total
theoretical density has a falling off trend. Based on the measured
densities (〉m) and theoretical densities (〉t), the relative densities (〉r) of
xNBM-(1-x)BMO ceramics can be calculated using the following for-
mula: [30]

= ×ρ
ρ
ρ

100%r
m

t (6)

The bulk densities, relative densities and sintering temperatures of
the xNBM-(1-x)BMO ceramics are shown in Fig. 8(a). The measured
densities have the same change trend as the theoretical densities. When
the x value is 0.2, the phase of the Bi2/3MoO4 ceramic dominates, the
total bulk density is 5.98 g/cm3, and the total theoretical density is 6.09

g/cm3. When x value is 0.8, the (NaBi)0.5MoO4 phase dominates and
the equivalent bulk density decreases to 5.41 g/cm3. Meanwhile, the
equivalent theoretical density also decreases to 5.74 g/cm3. From pre-
vious reports [31,13], the sintering temperature of the (NaBi)0.5MoO4

ceramic is higher than that of the Bi2/3MoO4 ceramic, and the optimal
sintering temperature of xNBM-(1-x)BMO ceramics has an upward
tendency with an increasing x value.

The εr value, Qf value and τf value of the xNBM-(1-x)BMO ceramics
are shown in Fig. 8(b). Due to the higher permittivity of (NaBi)0.5MoO4

ceramic, the permittivity of the composite ceramics increases from
23.7–33.2. The Qf value is related to the dielectric losses. Many defects,
such as pores, secondary grains, and particle sizes, indirectly impact the
dielectric loss [32,33]. Hence, the high Qf values of microwave cera-
mics can be achieved only over a narrow sintering temperature range.
For the xNBM-(1-x)BMO ceramics, stable Qf values were obtained in

Fig. 6. The infrared reflectivity spectra of xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) ceramics (solid line is fitting value and red circle is measured value), (1 belongs to the
vibration peak of Bi2/3MoO4 and 2 belongs to the vibration peak of (NaBi)0.5MoO4).

Fig. 7. (a) measured permittivity (red circle) and calculated permittivity ε'(ω), (b) measured dielectric loss (red circle) and calculated dielectric loss ε"(ω) of xNBM-
(1-x)BMO (x = 0.2 ∼ 0.8) ceramics.
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ceramics sintered at 620 ∼ 680 °C. Moreover, when τf is close to zero,
microwave devices made from microwave materials can be applied at
different working temperatures. When the x value increases from 0.2 to
0.8, the τf value shifts from -53.3 ppm/°C to +22.1 ppm/°C. The best
microwave dielectric properties were obtained in the 0.8NBM-0.2BMO
ceramic sample sintered at 680 °C for 2 h with a relative permittivity of
29.8, a Qf value of 11,800 GHz and a τf value of -13.1 ppm/°C. Similar
low-temperature ceramic compounds with different sintering tem-
peratures (S.T) and microwave dielectric properties (relative permit-
tivity, Qf value, τf value) are summarized in Table 1 [12,18,34–37].
Compared to these results, the 0.8NBM-0.2BMO ceramic in our work
showed a great overall microwave dielectric performance, which could
be considered as a promising candidate in LTCC technology.

4. Conclusion

In summary, based on the Na2O-Bi2O3-MoO3 ternary phase diagram,
the xNBM-(1-x)BMO (x = 0.2 ∼ 0.8) composite ceramics are suc-
cessfully prepared. The two coexisting phases are confirmed using XRD
data and Raman analysis. From the BEI micrographs and EDS analysis, a
partial solid solution is present in the 0.8NBM-0.2BMO ceramic. From
the measurement of densities, the bulk densities of the composite
ceramics have an increasing trend. From the measurement of micro-
wave dielectric properties, the dielectric constant maintains an upward
trend, which is attributed to the increase of (NaBi)0.5MoO4 phase with a
high permittivity. However, the quality factor has a small change,
which means that the component contents of the two phases have
minimal effects on the dielectric loss in xNBM-(1-x)BMO ceramics.
Favourable microwave dielectric properties with εr = 29.8 (6.7 GHz),

Qf = 11,800 GHz and τf = -13.7 ppm/°C were obtained in the 0.8NBM-
0.2BMO ceramic. Considering that the sintering temperature is 680 °C,
this ceramic has good potential for application in LTCC technology.
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