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A B S T R A C T

A series of new microwave dielectric ceramics Ln2Zr3(MoO4)9 (Ln˭Sm (SZM), Nd (NZM)) was successfully
fabricated by a standard solid-state reaction method. The X-ray diffraction and Rietveld refinement results de-
monstrate that pure-phase SZM and NZM ceramics belong to the hexagonal system with a space group R3c.
Scanning electron microscopy results reveal dense and homogeneous microstructures of these two ceramics as
sintered at their respective optimum sintering temperature. Furthermore, the SZM and NZM ceramics sintered at
875 °C for 4 h and 850 °C for 4 h possess excellent microwave dielectric properties of dielectric permittivity εr ~
11.0, quality factor Qxf ~ 74,012 GHz (10.6 GHz), and temperature coefficient of resonance frequency τf ~ −
45.3 ppm/°C, and εr ~ 10.8, Qxf ~ 58,942 GHz (10.5 GHz), and τf ~ − 40.9 ppm/°C, respectively. These ex-
perimental results show 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 be cofirable
with Ag, a low permittivity (εr) to avoid the signal delay, a high quality
factor (Qxf) for better selectivity and a low temperature coefficient of
resonant frequency (τf) for the frequency stability [2]. In the past
decades, a great number of microwave dielectric ceramics such as
Mg4Nb2O9, Mg2SiO4, Zn2SiO4 have been developed for their excellent
dielectric performances [3–5]. However, the high sintering tempera-
tures have restricted their potential applications in LTCC. The common
ways such as adding low-melting additives, chemical processing or
using ultra-fine raw materials could solve this problem to a certain
degree either at the expense of microwave dielectric properties of the
matrix compositions or by increasing the cost significantly. Thus, it is
desirable to develop new materials with excellent dielectric properties
and inherently low sintering temperatures. In this regard, many Bi2O3-,
MoO3-, B2O3-, Li2O- and V2O5-based ceramic systems have gained ex-
tensive attention [6–11]. Particularly, numerous molybdate ceramics
were reported to own excellent microwave dielectric properties and
ultra-low sintering temperatures. For examples, Ag2Mo2O7 and
Ag6Mo10O33 ceramics sintered at 460 °C for 4 h and 500 °C for 4 h

possess good microwave dielectric properties of εr ~ 13.3, Qxf ~
25,300 GHz, τf ~ − 142 ppm/°C and εr ~ 14.0, Qxf ~ 8500 GHz and τf
~ − 50 ppm/°C, respectively [12]. Na2Zn5(MoO4)6 ceramics sintered
at 590 °C for 1 h present good microwave dielectric properties of εr
~8.1 Qxf ~ 35,800 GHz and τf ~ −95 ppm/°C [13]. All these attempts
would further stimulate us to search for new Mo-based ceramic systems
for meeting the demands of LTCC technology.

Ln2Zr3(MoO4)9 (Ln˭Sm (SZM), Nd (NZM)) were reported to be good
candidates in lighting and display for their desirable spectroscopy, high
efficiency, long lifetime, and environment-friendly characteristics
[14,15]. Both of them crystallize in a hexagonal system with space
group of R3c including vertices shared LnO9, ZrO6 and MoO4 polyhedra.
Particularly, they can be synthesized at low temperatures of< 900 °C,
thus prompting our interests in their microwave dielectric properties. In
this work, the SZM and NZM ceramics were prepared by a conventional
mixed-oxide route. The crystal structure, sintering behavior, micro-
structure and microwave dielectric properties were systematically stu-
died for the first time.

2. Experimental procedure

The SZM and NZM ceramics were prepared using high-purity
starting powders of analytic-grade Sm2O3, Nd2O3, ZrO2 and MoO3. 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 resulting slurries were then rapidly
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dried and calcined at 680 °C for 8 h in air. The calcined powders were
re-milled for 6 h and then mixed together with 5 wt% PVA as a binder.
The granulated powders were subsequently pressed into cylinders with
dimensions of 10 mm in diameter and 7–8 mm in height. The specimens
were first heated at 550 °C in air for 4 h to remove the organic binder,
and then sintered at 800–900 °C for 4 h.

The crystal structure of the fired ceramics was identified via an X-
ray diffractometer (XRD, D/Max2500V, Rigaku, Japan) using Cu Kα
radiation. The structural parameters were obtained from the Rietveld
refinement 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 τf values of the samples were measured in the temperature
range of 20–80 °C and calculated by the following equation:
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−
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where f1 and f2 represent the resonant frequencies at T1 and T2, re-
spectively.

3. Results and discussion

Fig. 1 presents the XRD patterns of SZM and NZM ceramics sintered
at 875 °C and 850 °C for 4 h, respectively. All the diffraction peaks
matched well with the standard pattern of SZM (JCPDS no. 52-0639)
and no secondary phase was detected, indicating the formation of pure-
phase ceramics of a hexagonal structure with space group R3c. Because
of the structural similarity, the diffraction patterns of SZM and NZM
samples look similar and match with each other. To understand their
structures in detail, Rietveld refinements based on XRD data were
carried out by using GSAS software, in which a structural model of NZM
was used. The refined plot of Sm2Zr3(MoO4)9 sintered at 875 °C was
selected as a representative, as shown in Fig. 2. The unit cell volume
and reliability factors of Rwp, Rp, and χ2 values for all studied samples
after the Rietveld refinement are listed in Table 1. The Rwp, Rp, and χ2

values were found to be in the range of 6.2–7.6%, 5.4–6.0%, and
1.7–2.0, respectively, indicating that the structural model is valid and
the refinement result is reliable. The lattice parameters are a = b =
9.7871(2) Å, c = 58.180(2) Å for SZM sintered at 875 °C for 4 h and a
= b = 9.8042(2) Å, c = 58.508(2) Å for NZM sintered at 850 °C for
4 h, respectively. Moreover, the SEM micrographs on the fracture sur-
face of SZM and NZM ceramics sintered at 875 °C and 850 °C for 4 h,
respectively, are shown in Fig. 3. It is obvious that these two samples

could be well densified at relatively low temperatures and exhibited
dense and uniform microstructure with an average grain size of ~
1.2 µm.

Fig. 4 shows the variation of relative density and εr of SZM and NZM
ceramics as a function of sintering temperature. With an increase of
sintering temperature, the relative density firstly increased to their re-
spective maximum values, and then decreased slightly with further
increasing sintering temperature (see Fig. 4(a)). εr also increased to the
maximum value of ~ 11.0 at 875 °C for SZM and ~ 10.8 at 850 °C for
NZM, and decreased afterwards with increasing sintering temperature.
The same variation in εr and relative density with sintering temperature
obviously indicates that density should be one of the primary affecting
factors for εr in currently studied ceramics. In order to eliminate the
influence of porosity on εr, the Bosman and Having's correction was
applied to amend the εr values of the samples, as expressed by the
following equation [16]:

= + pε ε (1 1.5 )corr m (2)

where p is the fractional porosity, εcorr and εm are the corrected and
measured values of the permittivity, respectively. The variation of εcorr
as a function of sintering temperature is also shown in Fig. 4(b). As
expected, the εcorr values were almost identical in the whole sintering
temperature range, but slightly higher than the corresponding εm va-
lues. The εcorr values of ~ 11.5 and ~ 11.2 were very close to the εm
values for the SZM ceramic sintered at 875 °C for 4 h and the NZM
ceramic sintered at 850 °C for 4 h.

The Qxf values of SZM and NZM ceramics at different sintering
temperatures for 4 h are presented 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

Fig. 1. XRD patterns of SZM and NZM ceramics sintered at their respective optimal sin-
tering temperatures for 4 h.

Fig. 2. The Rietveld refinement plot of the SZM ceramic sintered at 875 °C for 4 h.

Table 1
Refined unit cell volume, reliability factors and good-of-fit indicator of Ln2Zr3(MoO4)9
(Ln = Sm, Nd) ceramics at different sintering temperatures.

Compounds S.T (°C) Unit cell volume (Å3) Rwp (%) Rp (%) χ2

Sm2Zr3(MoO4)9 800 4832.1 7.54 5.94 1.94
825 4831.6 7.28 5.72 2.01
850 4830.0 7.21 5.73 1.93
875 4826.3 6.28 5.60 1.90
900 4826.4 7.34 5.77 2.02

Nd2Zr3(MoO4)9 775 4879.3 7.42 5.60 2.05
800 4873.5 6.88 5.45 1.78
825 4872.3 6.86 5.41 1.74
850 4870.5 7.07 5.65 1.93
875 4871.0 7.08 5.63 1.88

S.T: sintering temperature; Rwp: the reliability factor of weighted patterns; Rp: the relia-
bility factor of patterns; χ2: goodness-of-fit indicator = (Rwp/Rexp)2.
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characteristics. The structure characteristics can be evaluated by
packing fraction (f) defined by the summation of the volume of packed
ions (VPI) over the volume of a primitive unit cell (VPUC). It can be
expressed by the following equation [17]:

= ×f V
V

Z(%) PI

PUC (3)

where Z is the number of molecule per unit cell. According to the

obtained unit cell volumes at different sintering temperatures in
Table 1, the calculated packing fraction of SZM and NZM ceramics is
also presented in Fig. 5(a). It can be seen that the variation of Qxf as a
function of sintering temperature is consistent with that of relative
density and packing fraction, meaning a close dependence of Qxf value
on density and packing fraction. The increase in packing fraction means
a decreased vibration space, which may give rise to a decrease in the
anharmonic vibration, thus leading to a higher Q×f value [17,18]. The
maximum Qxf values of 74,012 GHz for SZM and 58,942 GHz for NZM
can be obtained at 875 °C and 850 °C, respectively. Considering both
SZM and NZM possess a high relative density (> 95%), smaller f values
for NZM (~ 53.50) than SZM (~ 53.86) should be responsible for the
lower Qxf value of NZM. This means the intrinsic factor should play a
dominate role in this case. Fig. 5(b) shows the variation of τf values of
SZM and NZM ceramics at different sintering temperatures. No obvious
changes in τf values can be found with increasing sintering tempera-
ture. The τf values of − 45.3 and− 40.9 ppm/°C were achieved in SZM
sintered at 875 °C for 4 h and NZM sintered at 850 °C for 4 h, respec-
tively. The similar τf values between SZM and NZM may be ascribed to
their same structures, as the τf mainly depends on the structure.

4. Conclusions

In this work, two novel low-temperature fired microwave dielectric
ceramics SZM and NZM were successfully prepared by a conventional
solid-state reaction method. Hexagonal Ln2Zr3(MoO4)9 (Ln˭Sm, Nd)
ceramics with a space group R3c could be well densified at relatively
low sintering temperatures (< 900 °C). Excellent microwave dielectric
properties of εr ~ 11.0, Qxf ~ 74,012 GHz (10.6 GHz) and τf ~ −
45.3 ppm/°C, and εr ~ 10.8, Qxf ~ 58,942 GHz (10.5 GHz), and τf ~ −
40.9 ppm/°C were achieved in SZM ceramics sintered at 875 °C for 4 h
and NZM ceramics sintered at 850 °C for 4 h, respectively. The in-
herently low sintering temperature and good microwave dielectric
properties would make these two Mo-based dielectric ceramics become
promising candidates in LTCC applications.
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