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A novel low-temperature fired La;Zr;(MoO4)9 microwave dielectric ceramic was successfully fabricated by a
conventional solid-state reaction method. The powder compact was densified in air in the temperature range of
700-800 °C for 4 h. X-ray diffraction analysis indicated that all studied samples presented a single phase
structure. Rietveld refinement results further confirmed that La,;Zr3(MoO,4)s belonged to a trigonal system with
space group R3c. Scanning electron microscopy results revealed dense and homogeneous microstructure of

LasZr3(MoO4)o ceramics as sintered in the temperature range of 725-800 °C. The La,Zr3(MoO,4)9 ceramic sin-
tered at 775 °C for 4 h possessed excellent microwave dielectric properties of relative permittivity ¢, ~ 10.8,
quality factor Qxf ~ 50,628 GHz (at 10.45 GHz), and temperature coefficient of the resonant frequency
T ~ —38.8 ppm/°C, showing great potentials for applications of low temperature co-fired ceramic technology.

1. Introduction

With the rapid development of the microwave communication
technology, dielectric ceramics with desirable performances are in
great demands [1]. Particularly, the low temperature co-fired ceramic
(LTCC) technology has played an increasingly important role in the
fabrication of modern electronic devices, which would require di-
electric ceramics to have a low sintering temperature to cofirable with
Ag, a low permittivity (e,) to avoid the signal delay, a high quality
factor (Qxf) for better selectivity and a low temperature coefficient of
resonant frequency (t¢) for the frequency stability [2]. Most of con-
ventional microwave dielectric ceramics have good dielectric perfor-
mances, but their high sintering temperatures restrict their possible
applications in LTCC [3,4]. Addition of some low-melting-point aids
was considered as a common method to effectively reduce the sintering
temperature of dielectric ceramics. However, microwave dielectric
properties of the matrix ceramics were seriously degraded in most
cases. Thus, searching for new glass-free low-temperature sintered
ceramics is essentially important for the development of LTCC tech-
nology.

Many Bi;O3-, MoOs3-, B2O3-, Li;O- and V,0s-based ceramic systems
have been in recent years developed for their good dielectric perfor-
mances and inherently low (ultralow) sintering temperatures [5-13].
For example, PbMoO, ceramics sintered at 650 °C for 2 h were reported
to exhibit microwave dielectric properties of g ~ 26.7,
Qxf ~ 42,830 GHz, and 7t~ +6.2ppm/°C [14]. LiKSmy(M0O4)4
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ceramics sintered at 620 °C for 2 h owned microwave dielectric prop-
erties of ¢, ~ 11.5, Qxf ~ 39,000 GHz, and ¢ ~ —15.9 ppm/°C [15].
This would stimulate us to search new Mo-based ceramic systems for
meeting the demands of LTCC technology.

In this communication, a new Mo-based dielectric ceramic of
LasZr3(MoOy4)9 was reported. It exhibited a low synthesis temperature
of 650 °C [16], particularly a low sintering temperature (< 800 °C) and
desirable microwave dielectric properties. The phase crystal, sintering
behavior, microstructure and microwave dielectric properties were
systematically studied for the first time.

2. Experimental

The LayZr3(MoQ,4)o ceramics were synthesized by a conventional
solid-state reaction method using high-purity starting powders of ana-
lytic-grade La;O3, ZrO, and MoOs. The raw materials were weighed in
stoichiometric amounts and then ball-milled for 4 h using zirconia balls
and alcohol as the medium on a planetary milling machine. The re-
sulting slurries were then rapidly dried and calcined at 650 °C for 6 h in
air. The calcined powders were re-milled for 6 h and then mixed to-
gether with 5wt% PVA as a binder. The granulated powders were
subsequently pressed into cylinders with dimensions of 10 mm in dia-
meter and 7-8 mm in height. The specimens were first heated at 550 °C
in air for 4h to remove the organic binder, and then sintered at
700 °C ~ 800 °C for 4 h.

The crystal structure of the fired ceramics was identified via an X-
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Fig. 1. (a) The XRD pattern and (b) the Rietveld refinement plot of La,Zrz(MoO4)g
ceramics sintered at 775 °C for 4 h.

ray diffractometer (XRD, D/Max2500 V, Rigaku, Japan) using CuKa
radiation. The structural parameters were obtained from Rietveld re-
finement of the XRD data using the GSAS-EXPGUI program. The bulk
densities of the sintered ceramics were measured by the Archimedes
method. The microstructure of the specimens was observed using a
field-emission scanning electron microscope (FE-SEM; SU8020, JEOL,
Tokyo, Japan). Microwave dielectric properties of the sintered ceramics
were measured using a network analyzer (N5230C, Agilent, Palo Alto,
CA) and a temperature chamber (GDW-100, Saiweisi, Changzhou,
China). The ¢ values of the samples were measured in the temperature
range of 20 ~ 80 °C and calculated by the following equation:

__hLh-h
(B —-T) 1)

where f; and f, represent the resonant frequencies at T; and T,, re-
spectively.

Tf

3. Results and discussion

Fig. 1(a) presents the XRD pattern of LayZr3(MoO4)e ceramics sin-
tered at 775 °C for 4 h. All the diffraction peaks matched well with the
standard pattern of La,Zr3(MoO4)9 (JCPDS No. 52-0688) and no sec-
ondary phase was detected, indicating the formation of pure-phase
LayZr3(MoQ4)y. To further understand its structure, Rietveld refine-
ments were carried out by using GSAS software, in which a structural
model of Nd,Zr3(MoO,4)s was used [17]. The refined plot of the sample
sintered at 775°C was selected as a representative, as shown in
Fig. 1(b). The lattice parameters, cell volume and reliability factors of
Rups Rp, and X2 for all studied samples after the Rietveld refinement are
listed in Table 1. The Ryyp, Ry, and %2 values were found to be in the
range of 7-10%, 5-8%, and 1.8-2.1, respectively, indicating that the
structural model is valid and the refinement result is reliable. Moreover,
these crystal structure parameters are similar to those in a previous
report [18]. With increasing sintering temperature, no systematic var-
iation could be observed in lattice parameters, but the cell volume
firstly decreased to the minimum at 775 °C and then kept almost con-
stant with further increasing sintering temperature in the studied
temperature range. Fig. 2(a,b) show the structure illustrations of
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Table 1
Refined unit cell volume, reliability factors and good-of-fit indicator of LayZrz(MoO4)g
ceramics at different sintering temperatures.

ST.(C) a=b@A) c@) Unit cell volume ~ Ryp (%) R, (%) %°
A%

700 °C 4.9483(3) 59.142 (2) 4966.6(3) 7.51 5.87 2.041

725°C 4.8447(3) 59.123 (2) 4962.4(3) 7.66 6.03 2.035

750 °C 4.9425(5) 59.119 (4) 4959.9(6) 9.50 7.57 1.962

775 °C 4.9431(3) 59.104 (2) 4959.2(4) 7.05 5.56 1.822

800 °C 4.9417(3) 59.123 (2) 4959.4(4) 7.56 5.95 2.017

S.T.: sintering temperature; R,,,: the reliability factor of weighted patterns; Ry,: the re-
liability factor of patterns; > goodness-of-fit indicator = (Rup/Rexp)>-

Fig. 2. The schematic crystal structure of La,Zr3(MoO4)s seen along (a) a-axis and (b) c-
axis.

LasZr3(MoOy4)9 seen along a-axis and c-axis, respectively. It can be seen
that the La, Zr and Mo atoms are located at oxygen polyhedral sites with
9, 6 and 4-fold coordination, respectively. The LaOg polyhedra and
ZrOg octahedra are linked to each other by their common oxygen ver-
tices of the bridging MoO3 tetrahedra of two sorts to form a three-di-
mensional mixed framework. In short, the LayZr3(MoO,4)s structure can
be viewed as interconnected polyhedrons with shared oxygen atoms at
the vertices.

Fig. 3 shows the SEM images of La,Zr3(MoO,4)g ceramics sintered at
different temperatures for 4 h. It can be observed that LasZr3(MoO4)9
ceramics could be well sintered within the temperature range of
725-800 °C, and all the samples exhibited dense microstructure with
identifiable grain boundaries. In addition, the grain size slightly in-
creased with increasing sintering temperature. A more uniform micro-
structure with closely packed polygonal grains (~0.9 pm in average)
was obtained in the sample sintered at 775 °C.

Fig. 4 shows the variation of relative density and e, of
LasZr3(MoOy4)9 ceramics as a function of sintering temperature. It is
obvious that all samples exhibited high relative densities (> 95%),
keeping consistent with the microstructure observation. With the in-
crease of sintering temperature, the relative density of Las,Zr3(MoO4)9
ceramics firstly increased to a maximum approximately at 775 °C, and
then decreased slightly with further increasing the sintering tempera-
ture (see Fig. 4(a)). ¢, also increased to the maximum of ~10.8 at
775 °C and decreased afterwards with increasing sintering temperature.
The same variation in ¢, and relative density with sintering temperature
indicated that density was the primary affecting factor of ¢, in current
LayZr3(MoO,)g ceramics. In order to eliminate the influence of porosity
on ¢, the Bosman and Having’s correction was applied to amend the &,
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Fig. 4. The variation of (a) relative density and (b) permittivity of La;Zr3(MoO4)y cera-
mics as a function of sintering temperature.

values of La,Zr3(MoO,)9 ceramics, as expressed by the following
equation [19]:

€corr = €m (1 + 1.5p) (@3]

where p is the fractional porosity, €., and e, are the corrected and
measured values of the permittivity, respectively. The variation of €corr
as a function of sintering temperature is also shown in Fig. 4(b). As
expected, the e, values were almost identical in the whole sintering
temperature range, which were slightly higher than ¢, values. The e.o.
value (~11.0) was very close to the ¢, value (~10.8) for the sample
sintered at 775 °C. Besides, the theoretical permittivity (ey,) also can be
predicted by using the Clausius-Mosotti equation [20]:

3V + 87a)

& =
7 3V, — dnad) 3

where b is a constant (4s5/3), o} and V,, represent the sum of polariz-
ability of constituent ions, and the molecular volume, respectively.
However, the ey, is about 1.35 for the sample sintered at 775 °C. Such a
big deviation between &y, and e, might be related to the inaccurate ot}
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Fig. 3. SEM images on the polished and thermally etched surfaces of
LayZr3(MoO,)o ceramics sintered at different temperatures for 4 h: (a)
725 °C, (b) 750 °C, (c) 775 °C, and (d) 800 °C.

for the poor additivity relationship in molybdates as highlighted by
Shannon [20]. Similar phenomenon also occurred in other systems
[21].

The variation of Qxf in LayZr3(MoQ4)e ceramics as a function of
sintering temperature is shown in Fig. 5(a). In general, the dielectric
loss can be divided into extrinsic loss and intrinsic loss. The extrinsic
loss is mainly caused by density, secondary phase, grain size and lattice
defects, while the intrinsic loss is mainly caused by structure char-
acteristics. In current work, all samples possessed a high density
(> 95%), so the effect of extrinsic factors could be neglected. There-
fore, the structure characteristics should be the dominant factors that
influence Qxf values, as evaluated by the packing fraction (f) defined by
the summation of the volume of packed ions (Vp;) over the volume of a
primitive unit cell (Vpyc). It can be expressed by the following equation
[22]:

Vi
Pl xz

%) =
F# Veue @

where Z is the number of molecule per unit cell. The calculated packing
fraction of LayZr3(MoQ,4)s ceramics is also presented in Fig. 5(a). The
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Fig. 5. The variation of (a) Qxf and packing fraction, and (b) t¢ of La;Zr3(MoO,)s cera-
mics as a function of sintering temperature.
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variation of Qxf as a function of sintering temperature is consistent with
that of packing fraction, meaning the close dependence of Qxf value on
packing fraction. Fig. 5(b) shows the variation of 1y values of
La,Zr3(MoO,4)e ceramics at different sintering temperatures. It can be
seen that the t; values remained around — 38 ppm/°C mainly because
the crystal structure was almost unchanged.

4. Conclusions

In this work, a novel low-temperature fired microwave dielectric
ceramic LayZr3(MoO4)e was successfully prepared by a solid-state re-
action method. The results indicated that the LayZr3(MoQO,4)e ceramic
belonged to a trigonal system with space group R3c. Highly compact
ceramics with a high relative density of above 95% could be obtained at
a relatively low temperature of below 800 °C. Excellent microwave
dielectric properties of e, ~ 10.8, Qxf ~ 50,628 GHz (at 10.45 GHz),
and ¢ ~ —38.8 ppm/°C could be achieved for the sample sintered at
775 °C for 4 h.
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