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ABSTRACT

Low temperature sintered CeyZr3(MoO4)9 ceramics were synthesized via the conventional solid-state reaction
method. Microstructure and microwave dielectric properties were systematically investigated via the assistance
of Raman spectroscopy. Pure phase of CeyZr3(MoO4)9 with R-3C space group were obtained, as confirmed
through the XRD and Rietveld refinement results. The Raman spectroscopy results indicated that the Raman-
active vibrations are mainly derived from the Mo-O bonds. The SEM images exhibited that the porosity and
grain morphology, as external factors, affected the microwave dielectric properties, along with the internal
factors, such as packing fraction. In addition, thets values were inversely affected by the distortion of the Zr-O
polyhedron. The sample sintered at 750 °C exhibited good microwave dielectric properties: e, = 10.05, Q x f =
24,720 GHz (at 11.3 GHz) and ¢ = -7.1 ppm/aC. The compatibility between CesZr3(MoO4)9 ceramic matrix and
silver/copper electrode was also investigated for the first time.

1. Introduction

temperature co-firing ceramics (LTCC) technology is developed for de-
vice miniaturization and integration. Exploring more suitable micro-

The rapid development of wireless communication requires small, wave dielectric materials sintered with metal electrode compatible for
lightweight, and multifunctional electronic devices for antenna, filter, these multifunctional electronic devices attracts much attention [1-4].
and resonator applications. As one of the effective solutions, low However, low dielectric loss, thermal-stable, and metal-compatible
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dielectric matrix are requested for LTCC technology. In general, silver
(Ag) and copper (Cu) are widely used as the internal electrodes due to
their high conductivity and low cost, but melting point of Ag is only
about 960 °C [5-8]. Therefore, it is essential to lower the sintering
temperature of the dielectric ceramics less than 960 °C to meet the
co-firing compatibility between the ceramic matrix and the silver or
copper electrodes [9]. Normally, glasses and oxides with low melting
points are usually adopted to lower the sintering temperature, but the
formation of secondary phases deteriorates the microwave dielectric
properties [10]. Therefore, new types of microwave dielectric ceramics
with promising LTCC characteristics are of great significant.

Recently, monophasic oxide ceramics with low sintering tempera-
ture, such as molybdate, bismuth, and vanadate have been studied
extensively [11]. Pang et al. reported good microwave dielectric prop-
erties in LnyMo30;2(Ln = La, Nd) ceramics: &, = 10.1, Q x f = 60,000
GHz, and 1¢ = —80 ppm/ C with a sintering temperature of 930 °C for 2h
[12]. Liu and Zuo uncovered that the LayZr3(MoO4)9 system also
exhibited good microwave dielectric properties: &, = 10.8, Q x f = 50,
628 GHz (at 10.45 GHz), and t¢ = —38.8 ppm/ C (sintered at 775 °C for
4h) [13]. Latest discovery on CepZr3(MoQO4)g ceramics reported good
microwave dielectric performance and related chemical bond theory
[14].

Generally, molybdate microwave dielectric ceramics have complex
crystal structure, which is closely related to the microwave dielectric
performance. Raman spectroscopy is usually adopted to investigate the
short-range character. However, the effect of molecular vibration and
rotation on dielectric properties of CeaZr3(MoO4)g ceramics has not been
reported. In this work, pure phase of CesZr3(MoO4)9 ceramics with
trigonal structure were explored. The sintering behaviors, microstruc-
ture, crystal structure, microwave dielectric properties, and metal
compatibility were investigated systematically.

2. Experiment

CeyZr3(MoOg4)g ceramics were synthesized via reagent-grade starting
materials of CeOy, ZrO,, and MoOs (all purity>99%, Aladdin Industrial
Co, Shanghai, China). The reagent powders were weighed in molar ratio,
ball milled and mixed with deionized water for 10 h. Then the slurry was
dried and calcined at 650 °C for 4 h. After re-milling for another 10 h, the
mixture powders were dried and grinded into fine particles with 5 wt %
of polyvinyl alcohol (PVA), and pressed into cylindrical bulks with
diameter of 12 mm and thickness of 6 mm under 10 Mpa. The bulks were
placed in air and sintered at 700-775 °C for 4 h.

The phase structure was analyzed by X-ray diffraction (XRD: Philips
X’pert Pro MPD, PANalytical Company, Almelo, Holland) using Cu-Ka
radiation at a scanning rate of 10°/min within a detecting range of 10° -
80°. The microstructure of the as-sintered samples was observed by
Scanning Electron Microscope (SEM: JEOL JSM-6490, Tokyo, Japan).
The Raman spectra were detected by the Raman microscope (In Via, UK)
and laser source (i = 532 nm) in the range of 100-1100 cm~ L. The
microwave dielectric properties were measured through the Hakki-
Coleman dielectric resonator method [15] with a network analyzer
(Agilent N5230A, Agilent Technologies, USA). The temperature coeffi-
cient of resonant frequency value (TCF, y) is calculated by the following
equation:

fT _fTO

= (T —Ty) X fro

x 10°ppm / C (€D)]
Where fr and fro correspond to the resonant frequencies at temperature
T (85 °C) and Ty (25 °C), respectively.

The apparent density was measured by the Archimedes drainage
method. Compared with water, kerosene was adopted as the drainage

medium due to its higher viscosity. The theoretical density and the
relative density were calculated by the following equations:
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Fig. 1. XRD patterns of the CepZr3(MoO4)g ceramics sintered at different
temperature.

[)mlmiw :pmez/mre >< 100% (2)
pthemy
MZ

Ptheory = m 3

Where M,Z N, , and V( represent the molar mass of unit cell, the
number of formula units per unit cell, the Avogadro’s number, and the
volume of unit cell, respectively.

3. Results and discussion

Fig. 1 shows the XRD diffraction patterns of the CesZr3(MoO4)g ce-
ramics sintered within the temperature range of 700-775 °C. All
diffraction patterns match well with the phase structure of the LasZ-
r3(M004)g ceramics (JSPDS # 52-0688) with R-3C space group, and no
impure phases detected. Compared with the standard PDF card of JSPDS
# 52-0688, all diffraction peaks of the CeyZr3(Mo0O4)9 ceramics locate at
higher angles, which is due to the smaller ionic radius of Cce3t (1.01 fo\)
than La>" (1.07 A) [16].

Fig. 2(a—d) exhibits the Rietveld refinement patterns of the
CeyZr3(MoOg4)g ceramics sintered at different temperature, which are
obtained via the GSAS software through a structural model of
NdyZr3(MoOg4)g [17]. The calculated XRD diffraction pattern matches
well with the actually measured, manifesting that the pure phase of
CeyZr3(MoOg4)g ceramics are formed. Table 1 lists the lattice parameters,
unit cell volumes, and reliability factors (Rwp: reliability factor of the
patterns, Rp: reliability factor of the weighted patterns, and y* goodness
of fit indicator) of all samples sintered at 700-775 °C. Before sintering,
the reagent powders were calcined at 650 °C to obtain the CeyZrs(-
MoOy4)9 phase. The subsequent sintering at 700-775 °C is to promote
sufficient grain growth as shown in the SEM results (Fig. 4). Normally,
the cell parameters should maintain a stable value, but the refinement
results show the lattice parameters and unit cell volumes at different
sintering temperature change slightly, this maybe due to the lattice
defects in the lattice. The value of all reliability factors are below 10%;
x? values are around 2.5, indicating that the results of the refinement are
reliable. Fig. 2(e) exhibits the diagram of crystal structure. It can be seen
that the Ce, Zr and Mo cations form oxygen polyhedra with 9, 6 and 4
oxygen ions, respectively. In addition, each MoO4 polyhedron bridges
two CeOg polyhedra and two ZrOg polyhedra through corner-sharing
oxygen atom simultaneously. The length of the Zr-O bond and the ox-
ygen polyhedral distortion (8) are summarized in Table 2 based on the
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Fig. 2. Rietveld refinement patterns of the Ce;Zr3(MoO4)o ceramics sintered at different temperature (a-d), and the crystal structure of Ce;Zr3(MoO4)g (€).

Table 1

The refined lattice parameters, unit cell volume, and reliability factors of the
CeyZr3(MoQy4)9 ceramics sintered at different temperature. (S.T.: sintering
temperature; V: unit cell volume.)

S.T. a=b@A) @ v (A% Rwp (%) Rp (%) ¢

700 °C 9.840298 58.887113 4938.185 7.27 5.33 2.55

725°C  9.842139  58.894054  4940.615  7.20 4.93 2.54

750°C  9.841748  58.888676  4939.722  7.05 4.89 2.33

775°C  9.842671  58.895321  4941.206  7.75 5.73 2.68
Table 2

The bond length (R) and oxygen octahedral distortion (8) of the Ce;Zr3(MoQ4)9
at different temperature.

Type S.T =700 °C S.T=725°C S.T =750°C S.T=775°C
Rzro1 X 3 2.026 2.025 1.984 2.003

Rzro2 X 3 2.154 2.097 2.08 2.190

R 2.090 2.061 2.032 2.097

8(%) 6.12 3.49 4.72 8.92

Table 3
Irreducible representations and the classification of Infrared and Raman active
modes of CesZrz(MoO4)o.

Dsq E 2C3 3C, i AR 304 Selection rules

Arg 1 1 1 1 1 1 Uxx + Ay, Qzz

Agg 1 1 -1 1 1 -1 R,

Eg 2 -1 0 2 -1 0 (Re,Ry), (axx — ayy, xy), (xz, yz)
A, 1 1 -1 -1 -1

Aoy 1 1 -1 -1 -1 T,

o 2 -1 0 -2 1 0 (Tx, Ty)

results of the Rietveld refinement. The octahedral distortion can be
calculated by the following equation [18].

. . Zr — Odistancen,x — Zr — Odistancey;
distortion(8) = = =

Zr — Odistance yerage S
Raman scattering spectrum is widely used to detect solid lattice vi-
bration, which qualitatively and quantitatively reflects the microstruc-
ture, phase transition, impurities and defects of solids. CezZr3(MoO4)g
ceramics are member of Trigonal system with R-3C space group (Dsq,
No. 167). Based on the group theory and the symmetry analysis using
the Bilbao Crystallographic Server, the total lattice vibrations of
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Fig. 3. Deconvoluted Raman spectra of the CeyZr3(MoO4)y ceramics.

CeyZr3(MoOg4)g can be expressed as [19,20]:
I'=24A,, + 25A,, + 25A5, + 25A,, + 50, + 49E,

And the irreducible representations of Raman and Infrared active
modes are listed in Table 3. Notably, the selection rules of Tand «
represent the molecular translational vibration mode and rotational
vibration mode respectively, which means that T is infrared activated
mode and a is Raman activated mode. Therefore, 73 Raman peaks
(24A14+49E,) can be observed on the characteristic Raman spectrum.

However, due to the overlapping signals and the test limitation of the
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Raman spectra, only a few typical Raman peaks can be marked in the
range of 100-1100 cm ! as shown in Fig. 3. Compared to several similar
MoO4 tetrahedron in PbMoO4, CaMoO4, f- BisMoyOg9 [21] and
GdsZr3(MoOQy4)9, we can be determined that the intensive line in the
range of 900-1100 cm™! are caused by symmetric stretching, and the
bands in the range of 750-900 cm ! are assigned to asymmetric
stretching, while several primary bands at 320-400 cm ™ and 280-320
cm ! are corresponding to symmetric bending and asymmetric bending
vibrations [19]. In addition, the intensive line below 280 em! may
attributed to the translational and librational motions of the Ce or Zr
ions [22].

Fig. 4(a-d) shows the SEM micrographs of the cross sections of
CeyZr3(MoOg4)g ceramics sintered at 700-775 °C for 4 h. Clear grain
boundaries are observed for all samples. For the sample sintered at 700
°C and 725 °C, irregular grain shape and pores are detected. The sta-
tistical distribution of grain size is shown in Fig. 5, and the grain size
reached to an optimal state at 750 °C as shown in Fig. 4(e). The relative
density values (>92%) are obtained for all samples and exhibited in
Fig. 4(f). It is observed that the relative density inclines first and reaches
to an optimum value at 750 °C with the sintering temperature rising.
However, further increasing of the sintering temperature reduces the
relative density slightly, which is consistent well with the SEM results.
Such phenomenon is probably due to the unexpected porosity caused by
the mismatch between grain growth and grain boundary growth at high
temperature.

Fig. 6(a) exhibits the dielectric constants and the Q x f values of the
CepZr3(MoOg4)9 ceramics sintered at different temperature. The

Fig. 4. SEM images (a-d), the average grain size (e), and the relative density (f) of the Ce;Zr3(Mo0Q4)9 ceramics sintered at different temperature.
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Fig. 5. The statistical distribution of grain size.

Fig. 6. Dielectric constant and Q x f values (a); temperature coefficient of
resonant frequency and oxygen octahedral distortion values (b) at different
temperature.

Table 4

The measured dielectric constant (¢y,), the porosity corrected dielectric constant
(¢cv), the porosity fraction (p), the Q x f values, and the packing fraction (P.F.)
values of the Ce;Zr3(Mo0Q4)9 ceramics sintered at different temperature.

S.T. 700 °C 725 °C 750 °C 775 °C
p 0.072 0.066 0.064 0.067
£m 9.935 9.998 10.050 9.896
Eev 10.964 10.939 10.960 10.841
Q x f (GHz) 14,300 17,182 24,740 15,360
P.F. (%) 53.229 53.203 53.212 53.196

dielectric constant value increases with the sintering temperature and
reaches to a peak value of 10.05 at 750 °C. Then it decreases with further
increasing the sintering temperature. The variation of e, value is similar
to the tendency of the relative density. To further investigate the rela-
tionship between the dielectric constant and the density, we obtained
the porosity corrected value of the dielectric constant by the following
equation [23]:

3p(e — 1)]

2¢., + 1 ®)

Em = Ecy {1 —

where ¢, €y, and p represent the measured dielectric constant, the
porosity corrected value of dielectric constant, and the porosity fraction,
respectively. The &p, &, and p are listed in Table 4. The corrected
dielectric constant (~10.9) is greater than the measured values and
remains unchanged essentially. In addition, the variation of the cor-
rected dielectric constant is inverse to the change of the porosity frac-
tion, suggesting that the dielectric constant is influenced by pores [24].
Generally, the microwave dielectric loss is largely affected by both
internal and external factors. The external loss is mainly induced by
porosity, density, and grain defects; while the internal loss mainly arises
from the crystal structure [25,26]. The packing fraction (P.F.), as an
effective internal factor, is usually adopted to study the influence of the
internal and external loss impacts on the Q x f values, which is calcu-
lated by the following equation [27]:
volume of packed ions

P.F(%)=
(%) volume of primitive unite cell

@)

The calculated P.F. values and Q x f values are summarized in
Table 4, which remain around 53.2%. It can be also observed that the
variation of the Q x f value possesses a similar trend to the relative
density, as shown in Fig. 3(f). This fact indicates that the dielectric loss
of the as-sintered CesZr3(MoQ4)9 ceramics are also related to the
external factors. Therefore, the Q x f value gradually increases and
reaches to the maximum value of 24,720 GHz (at 11.3 GHz) at the
sintering temperature of 750 °C, where the porosity stays at a lower
value, as confirmed in Fig. 4(f). Further increasing of the sintering
temperature results in a slightly decreased Q x f value due to the
appearance of pores. Based on the packing and porosity fraction anal-
ysis, it is concluded that the Q x f values are not only affected by internal
factors but also more affected by external factors.

Fig. 6(b) shows the variation of the ¢ values and oxygen polyhedral
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Fig. 7. XRD patterns of the CepZr3(MoO4)g ceramics co-fired with Cu and Ag at
750 °C.

distortion of the CeyZr3(MoQ4)g ceramics sintered at different temper-
ature. The variation of the ¢ value is inverse to that of the Zr-O oxygen
octahedral distortion, revealing that the temperature characteristics are
largely affected by the octahedron distortion. Furthermore, the t¢ values
for all samples are negative. An acceptable value of —7.1 ppm/ C is
obtained at the sintering temperature of 750 °C, indicating a decent
dielectric thermal stability.

Co-firing compatibility of microwave ceramics with metal-electrode
is an important criterion for LTCC applications. In the current study, 20
wt % copper (Cu) and silver (Ag) were added into the CeZr3(MoO4)g
ceramic powders, respectively. The mixed powder was sintered at 750
°C for 1h. The XRD results are exhibited in Fig. 7. Unexpectedly, the
phase of Cu and Ag cannot be detected after sintering, indicating that the
CeyZr3(MoOg4)9 matrix can react with Cu and Ag. This phenomenon is
mainly due to the fact that the sintering temperature of AgoMoO4 (450
°C) and CuMoOy4 (550 °C) are lower than that of CesZr3(MoQO4)g [28,29].
Therefore, the poor compatibility between Cu/Ag and CeyZr3(MoO4)g
ceramic matrix prohibits its application in LTCC processing. To solve the
co-firing compatibility between molybdate ceramic materials and metal
electrode, it is a feasible method to explore possible metal electrode
materials. For example, the good compatibility between aluminum and
CuMoOy, as reported by Nina Joseph et al. [30], indicates that
aluminum maybe a good candidate metal electrode for CesZr3(MoO4)9
ceramic matrix. Therefore, exploring possible metal electrode materials
is the focus of follow-up research.

4. Conclusion

In this work, CeyZr3(MoO4)g dielectric ceramics were synthesized via
the traditional solid-state reaction method. Pure CeyZr3(MoQ4)g phase
with dense morphology were obtained at low sintering temperature
range of 700-775 °C for 4 h. Optimal microwave dielectric performances
were obtained in the sample sintered at 750 °C: ¢, = 10.05, Q x f =
24,720 GHz (at 11.3 GHz), and s = —7.1 ppm/OC. The CeyZr3(MoQO4)g
dielectric ceramics prepared has poor compatibility with Cuand Ag. Our
experimental results suggest that the CeyZr3(MoO4)g system has optimal
microwave dielectric performances, but the poor compatibility between
Cu/Ag and CeyZr3(MoQOy4)9 ceramic matrix makes Cu/Ag unable to be
used as CepZr3(MoQy4)g ceramic matrix electrode.
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