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Abstract

In the present work, novel low temperature firing microwave dielectric ceramics (K sLngs)MoO,4 (Ln = Nd and Sm) were prepared via the traditional
solid state reaction method. A pure monoclinic phase can be formed at a low sintering temperature around 680 °C for both (K¢ 5Ndys)MoO, and
(Ko.5Smg 5)MoO, ceramics. The densification temperature for the (Ko sNdys5)MoO, and (Ko 5Smg s)MoO, ceramics are 700 °C and 800 °C for 2 h,
respectively. The best microwave dielectric properties for (Ko sNdys)MoO, was obtained in ceramic sample sintered at 760 °C for 2 h, with a
dielectric permittivity of 9.8, a Qf about 69,000 GHz and a temperature coefficient of frequency about —62 ppm/°C. The best microwave dielectric
properties for (KgsSmgs)MoO, was obtained in ceramic sample sintered at 800°C for 2h, with a dielectric permittivity of 9.7, a Qf about
20,000 GHz and a temperature coefficient of frequency about —65 ppm/°C.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

With the development of wireless communication and satel-
lite broadcasting industry, the multilayer co-fired ceramics
(MLCC) and low-temperature co-fired ceramics technology
(LTCC) have played an important role in the fabrication pro-
cess to meet the requirement of miniaturization and integration.
The LTCC technology requires the microwave dielectric ceram-
ics to have lower sintering temperatures than that of the inner
electrode materials. In addition to the common method of adding
sintering aids, such as low melting point oxides and low soft-
ening glasses, the employment of materials with intrinsic low
sintering temperatures (so called low firing ceramics) is also an
efficient way and has attracted much attention in recent years.'
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In the past more than ten years, most of the low firing ceram-
ics are TeO,-rich compounds, such as BaO-TeO, system,s’6
MgO-TeO, system,’” ZnO-TeO; system,® CaO-TeO, system,’
Bi,O3-TeO, system,10 and (Zr,Ti,Sn)0,-TeO;, system.“’12
In the recent few years, the research on the low firing
ceramics was not only limited in the TeO,-rich systems but
expanded to the universal oxide systems with low melting
points, such as Bi; O3-rich compounds, V,Os-rich compounds,
MoOj3-rich compounds, P>Os-rich compounds, B;Oj3-rich
compounds.’32% Among them, many MoOs-rich low firing
ceramics show high microwave dielectric performance and some
of them can be co-fired with aluminum.*1>-20 In this work, novel
MoOs-rich (Kps5Lngs5)MoO4 (Ln=Nd and Sm) compounds
were prepared via the solid state reaction method. The phase
evolution, microstructure, and microwave dielectric properties
were investigated.

2. Experimental

Proportionate amounts of reagent-grade starting materials of
K>CO3, Ndy03, Smp03 (>99%, Guo-Yao Co, Ltd, Shanghai,
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Fig. 1. X-ray diffraction patterns of the (Ko 5Lng5)MoO4 (Ln=Nd and Sm) ceramics calcined and sintered at different temperatures.

China) and MoO3 (>99%, Fuchen Chemical Reagents, Tianjin,
China) were weighed according to the stoichiometric formula-
tion (Ko 5Lng.5s)MoOy4 (Ln=Nd and Sm) compositions. Powders
were mixed and milled for 4 h using a planetary mill (Nanjing
Machine Factory, Nanjing, China) by setting the running speed
at 150 rpm with the Yttria Stabilized Zirconia (2 mm in diameter)
milling media. The mixed oxides were then calcined at 600 °C
for 4 h. After being crushed and re-milled for 5 h using the ZrO,
milling media and deionized water, powders were pressed into
cylinders (10 mm in diameter and 5 mm in height) in a steel die
with 5wt.% PVA binder addition under a uniaxial pressure of
200 MPa. Samples were sintered in the temperature range from
640 °C to 860 °C for 2 h.

The crystalline structures of samples were investigated using
X-ray diffraction with Cu Ka radiation (Rigaku D/MAX-2400
X-ray diffractometer, Tokyo, Japan). Microstructures of sintered
ceramic were observed on the as-fired surface and fractured sur-
faces with scanning electron microscopy (SEM) (JSM-6460,
JEOL, Tokyo, Japan). Dielectric behaviors at microwave fre-
quency were measured with the TE( ;g shielded cavity method
with a network analyzer (8§720ES, Agilent, Palo Alto, CA) and
a temperature chamber (Delta 9023, Delta Design, Poway, CA).
The temperature coefficient of resonant frequency ¢ (TCF) was
calculated with the following formula:

fss — fos

. Jey S (§)
Y= ek 85 —25) 10 M

where f35 and f>5 were the TE5 resonant frequencies at 85 °C
and 25 °C, respectively.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the
(KosLng5)MoO4 (Ln=Nd and Sm) ceramics calcined
and sintered at different temperatures. It was reported that
there exist many different modifications of the structure
for (Ko5Lng5)MoO4 compounds (Ln=rare earth element),
depending on the size and nature of the rare earth element
and the compound formation conditions.?!=23 In general, these
compounds can be divided into two groups: (1) scheelite-type
modifications including phases with an (Ko 5Eug 5)MoO4-type
structure (space group P1) and (2) non-scheelite modifications
with the (Ko 5Y0.5)MoOj4-type structure (space group Pbcn).24
Comparing our experimental data with the literatures’, it is
found that both the (Kgs5Ndg5)MoO4 and (KgsSmg 5)MoO4
prepared via the solid state reaction method here have the
same structure with (KosEups5)MoOs4 (PDF: 31-1006).2
Using a Agl/gPr5/8M00426 structure as the starting model,
Morozov et al.?* found that both the (KgsNdgs)MoO4 and
(Ko.5Eug 5)MoO4 could be well indexed in the same mono-
clinic superspace group, I2/b(a $0)00. The XRD patterns of
(Ko.5Ndp5)MoO4 as shown in Fig. 1(a) was also indexed as
this superspace group. Similarly, the detailed crystal structure
report on the (Ko 5Smg5)MoQO4 has been done by Arakcheeva

Fig. 2. SEM photos of the (K 5Ndp5)MoO4 ceramic sintered at 760 °C for 2 h and (Ko 5Smq 5)M00O4 ceramic sintered at 800 °C for 2 h.
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Fig. 3. Microwave dielectric permittivity and Qf values of the (Ko sLng 5s)MoOg4
(Ln=Nd and Sm) ceramics as a function of sintering temperature.

et al.”” and it also can be indexed as the monoclinic superspace

group, 12/b(« $0)00. From Fig. 1(b), our experimental results
agree well with the literatures’. Furthermore, this monoclinic
scheelite-related phase can be formed at a low temperature
680°C for both (K0_5Nd0.5)MOO4 and (Ko,sSIﬂo_s)MOO;;
prepared via the simple solid state reaction method.

The SEM photos of the (Ko sNdg5)MoQO4 ceramic sintered
at 760 °C for 2 hrs and (K¢ 5Smgs5)MoQ,4 ceramic sintered at
800°C for 2h are shown in Fig. 2. Both homogenous and
dense microstructure can be observed. It is seen that the grain
size of (Ko s5Ndgs5)MoO,4 ceramic sintered at 760°C for 2h
lies between 1 and 3 pm, which is much smaller than 3-7 pm
for (Kg5Smg5)MoO, ceramic sintered at 800 °C/2 h. In fact,
from the density results (the figure is not presented here),
the (Ko 5Ndp5)MoQO4 ceramic can be well densified when the
sintering temperature is above 700 °C while the densification
temperature of (Ko 5Smg 5)MoO4 ceramic is 800 °C. The SEM
photos also confirm this result.

Microwave dielectric permittivity and Qf value of the
(Ko 5Lng 5)MoO4 (Ln=Nd and Sm) ceramics as a function of
sintering temperature are shown in Fig. 3. The microwave dielec-
tric permittivity of (KosNdgs)MoO4 ceramic first increased
sharply from 7.6 at a sintering temperature of 640 °C to about
9.8 for the ceramic sample sintered at 680 °C along with the
elimination of pores during the sintering process. It kept sta-
ble in the sintering temperature range 680-760°C and then
decreased slightly, which might be caused by the secondary grain
growth, potassium volatilization, etc. The microwave dielec-
tric permittivity of (Ko 5Smg5)MoQO4 ceramic has the similar
trend but its densification temperature is around 800 °C. The Qf
value of microwave dielectric ceramics is influenced by many
factors during the sintering process, such as the grain size,
grain size distribution, pores, etc. Although the intrinsic part
can be extrapolated from the infrared spectra data, the real Qf
value including both intrinsic and extrinsic parts can only be
analyzed qualitatively. The largest Qf value about 69,000 GHz
of (Ko 5Ndg5)MoQO4 ceramic was obtained in ceramic sample
sintered at 760°C for 2h. It is very sensitive to the sinter-
ing temperature, and large Qf values can only be obtained
in a very narrow sintering temperature range. The Qf value
of (Kos5Smg5)Mo0O4 ceramic was about 20,000 GHz when
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Fig. 4. Microwave dielectric permittivity and Qf values of the (Ko sLng s)MoO4
(Ln=Nd and Sm) ceramics as a function of temperature.

above 800 °C, which was smaller than that of (K¢ sNdg s5)MoO4
ceramic, but it seems much more stable against the sintering
temperature.

To further understand the temperature dependence of the
microwave dielectric properties of (Ko sLngs)MoO4 (Ln=Nd
and Sm) ceramics, the microwave dielectric permittivity and Qf
value measured in the temperature range 25-120 °C are demon-
strated in Fig. 4. It can be seen that the microwave dielectric
permittivity of both (Ko 5Ndp5)MoO4 and (Kg5Smg5)MoOy4
ceramics linearly increased with the temperature slightly with-
out any abnormity. The Qf value of (K¢ s5Ndg5)MoQO4 ceramic
decreased slightly from 69,000 GHz at 20°C to 64,000 GHz
at 120°C. The Qf value of (Kps5Smgs5)MoO4 ceramic
increased slightly from 20,000 GHz at 20 °C to 31,000 GHz at
120 °C. The temperature coefficient for (Ko 5Ndg5)MoO4 and
(Ko.5Smg.5)M0oOy4 ceramics are —62 ppm/°C and —65 ppm/°C,
respectively.

4. Conclusion

The monoclinic (K sNdgs5)MoO4 and (Ko s5Smgs5)MoOy
ceramics were prepared via the solid state reaction method.
The best microwave dielectric properties for (Ko 5Ndy.s)MoOg4
was obtained in ceramic sample sintered at 760 °C for 2 h, with
a dielectric permittivity of 9.8, a Qf about 69,000 GHz and a
temperature coefficient of frequency about —62 ppm/°C. The
best microwave dielectric properties for (Ko 5Smgs)MoO4 was
obtained in ceramic sample sintered at 800°C for 2h, with
a dielectric permittivity of 9.7, a Qf about 20,000 GHz and a
temperature coefficient of frequency about —65 ppm/°C.
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