
A

M
t
s
T
e
©

K

1

s
d
l
d
m
a
a
s
a

p
c
o
i
h
i
p
d
r

0
d

Journal of the European Ceramic Society 27 (2007) 3855–3859

Microwave dielectric properties of MgCo2(VO4)2

ceramics synthesized by a sol–gel method

Jaecheol Bang ∗
Materials Science and Engineering, Soonchunhyang University, Shinchang-Myun,

Asan-City, Choongnam 336-745, Republic of Korea

Available online 9 March 2007

bstract

gCo2(VO4)2 (MCV) ceramics have been prepared by a sol–gel method as potential candidates for use in microwave applications as a low-
emperature co-fired ceramic (LTCC). The sintering and microwave dielectric properties of sol–gel processed MCV were compared with those of

olid-state reaction processed MCV. The results showed that sol–gel processed MCV had a higher sinterability due to its much finer particle size.
he sol–gel processed MCV was also found to have superior microwave dielectric properties compared with solid-state reaction processed MCV
specially at low sintering temperatures.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The rapid progress in mobile and satellite communication
ystem has created a high demand for the development of
ielectric materials for microwave frequencies. Recently, multi-
ayer structures have been extensively developed to miniaturize
ielectric devices for high volume efficiency. In order to fabricate
ultilayer microwave devices, it is necessary to use low temper-

ture co-fired ceramic (LTCC) because the dielectric ceramics
nd electrodes with low resistivity, such as Ag, should be co-
intered. Thus, dielectric ceramics should necessarily be sintered
t temperatures below the melting point (961 ◦C) of Ag.

There are several approaches1–5 to reduce the sintering tem-
erature of dielectric ceramics: the addition of low melting point
ompounds such as B2O3, Bi2O3, and V2O5, the development
f new compositions of LTCC materials, and chemical process-
ng to produce smaller particle size of starting powders. There
ave been relatively few investigations6 of chemical process-
ng methods such as sol–gel and coprecipitation processes for
roducing LTCC for microwave applications. Most microwave

ielectric materials are produced by a conventional solid-state
eaction process.
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A recent study7 showed that Mg3−xCox(VO4)2 ceramics,
roduced by a conventional solid-state reaction process, had
high Q × fo value at a low sintering temperature (below

50 ◦C) with optimum microwave dielectric properties when
= 2. In order to study the effect of processing method on the
icrowave properties of LTCC, we produced MgCo2(VO4)2

MCV) ceramics by the sol–gel method and compared the
esults with those of MCV prepared by a conventional solid-
tate reaction method. The sol–gel method is undoubtedly a
seful process for producing powders with a good control
ver stoichiometry and homogeneity, yielding very fine par-
icle size as can be seen in the synthesis of MgTi2O5.8 The
intering and microwave dielectric properties of the sol–gel
rocessed MCV system at various sintering temperatures were
tudied.

. Experimental method

Magnesium nitrate hexahydrate Mg(NO3)2·6H2O, cobalt(II)
itrate hexahydrate Co(NO3)2·6H2O, and vanadium acetylace-
onate V(CH3COCHCOCH3)3 (Strem Chemicals) with 98%
urity were used as the starting materials for sol–gel processing.
he MCV precursor solution was prepared by dissolving sto-
chiometric quantities (1:2:2 molar ratio) of Mg(NO3)2·6H2O,
o(NO3)2·6H2O and V(CH3COCHCOCH3)3 in a mixed binary

olvent of acetic acid and methyl alcohol (4:1 volume ratio).
he final concentration was adjusted to produce 0.5 M solu-

mailto:bangj@sch.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.045


3856 J. Bang / Journal of the European Ceramic Society 27 (2007) 3855–3859

ction

t
1
w
h
a
c
b
s
C
d
z
a
b
p
i
p
1

t
e
t
X
b
z
r
t
t
b
T
q
8

3

f
c
l
p
(

a
s
a
i
s

m
i
f
f
i
a
t
t
a
i
v
t
i f
tion.

In Table 1, the density and microwave dielectric properties
of MCV produced by two processes, solid-state reaction and
Fig. 1. SEM micrographs of MCV powders produced by (a) solid-state rea

ion and the solution was stirred with a magnetic stirrer for
h. After achieving complete dissolution, the resultant solution
as heated at 90 ◦C to remove excess solvents. With continued
eating at 90 ◦C for 1 h, the solution became highly viscous
nd finally MCV gels were formed. The dry gels were cal-
ined at 700 ◦C for 10 h in air and milled for 24 h with zirconia
alls. MCV powders were also prepared using a conventional
olid-state reaction method. MgO, CoO, and V2O5 (High Purity
hemicals) with 99.9% purity were weighed and then mixed in
eionized water for 24 h using conventional ball milling with
irconia balls. The mixed powders were subsequently calcined
t 700 ◦C for 10 h in air and then milled for 24 h with zirconia
alls. The ground powders from sol–gel and solid-state reaction
rocess, respectively, were dried and pressed into pellets, 15 mm
n diameter and 6.7 mm thick. The pellets were sintered at a tem-
erature range of 750–930 ◦C for 5 h in air. The heating rate was
0 ◦C/min.

The morphology of the powders and the microstruc-
ure of the sintered MCV were examined using scanning
lectron microscopy (JSM 5310, JEOL) and phase iden-
ification of the sintered specimens was performed using
-ray diffractometry (D/MAX-2200, Rigaku). The shrinkage
ehavior was investigated by dilatometry (DIL420PC, Net-
sch) at various temperatures up to 1050 ◦C with a heating
ate of 10 ◦C/min in air. The densities were measured using
he Archimedes method. The microwave dielectric proper-
ies were measured by the resonant cavity method described
y Hakki and Coleman9 using the TE011 propagation mode.
he value of the temperature coefficient of resonant fre-
uency (τf) was measured over a temperature range of −20 to
0 ◦C.

. Results and discussion

SEM micrographs of MCV powders calcined at 700 ◦C
or 10 h are given in Fig. 1. While the powders produced by

onventional solid-state reaction process have many particles
arger than 5 �m (Fig. 1(a)), the powders produced by sol–gel
rocess obviously have much smaller particle size, <1 �m
Fig. 1(b)).

F
p

process and (b) sol–gel process. Powders were calcined at 700 ◦C for 10 h.

Dilatometer analysis for the MCV powders was conducted
t a heating rate of 10 ◦C/min (Fig. 2). The onset temperature
hifted to a lower temperature and maximum shrinkage moved to
higher value for the MCV produced by sol–gel processing. This

ncrease in the sinterability is attributed to the smaller particle
ize of the sol–gel processed MCV.

The effect of the sintering temperature on the density and
icrowave dielectric properties of sol–gel processed MCV

s shown in Fig. 3. The bulk densities of MCV increased
rom 3.51 to 4.12 g/cm3 as the sintering temperature increased
rom 750 to 930 ◦C. The value of εr increased as the sinter-
ng temperature increased, with a maximum value of 10.34
t 930 ◦C. The increase of εr is attributed to the increase in
he density. Q × fo value increased as the sintering tempera-
ure increased and reached its maximum value of 55,740 GHz
t 930 ◦C. The increase in the Q × fo value is related to the
ncrease in relative density and grain growth as reported in pre-
ious studies.10,11 τf decreased from −10 to −85 ppm/◦C as
he sintering temperature increased from 750 to 930 ◦C. An
mprovement in τ would be needed for commercial applica-
ig. 2. Shrinkage profiles of MCV powders produced by (a) solid-state reaction
rocess and (b) sol–gel process.



J. Bang / Journal of the European Ceramic Society 27 (2007) 3855–3859 3857

Table 1
Comparison of sintered densities and microwave dielectric properties of solid-state reaction and sol–gel processed MCV sintered in the temperature range 750–930 ◦C
for 5 h

Sintering temperature/time Bulk density (g/cm3) εr Q × fo (GHz) τf (ppm/◦C)

SS SG SS SG SS SG SS SG

750 ◦C/5 h × 3.51 × 9.12 × 34,500 × −10
800 ◦C/5 h 3.0 3.90 7.1 10.10 19,500 45,600 −15 −16
850 ◦C/5 h 3.5 4.05 8.0 10.30 43,040 52,050 −46 −50
900 ◦C/5 h 3.7 4.10 9.3 10.31 48,020 55,340 −53 −55
930 ◦C/5 h 3.9 4.12 9.6

SS: solid-state reaction; SG: sol–gel; ×: not sintered.

Fig. 3. Sintered densities and microwave dielectric properties of sol–gel pro-
cessed MCV as a function of sintering temperature.

s
M
s
g
r
d
v
s
i
a
s
d
a
d
t
p
i
h
t
7
a
s

M
T
f
a
a
r
t

e
M
o
r

b
b
e
t
r
o
u
s

10.34 55,310 55,740 −83 −85

ol–gel, are compared. The bulk densities of sol–gel processed
CV were higher and the difference in density between the

ol–gel and the solid-state reaction produced materials was big-
er at lower sintering temperature. MCV produced by solid-state
eaction did not densify at 750 ◦C. Since εr is related to the
ensity, the same trend was observed for εr. While the Q × fo
alues of MCV produced by the two routes were about the
ame at the highest sintering temperature, 930 ◦C, the difference
ncreased as sintering temperature decreased. This difference is
ttributed to the poor densification and grain growth of solid-
tate reaction processed MCV. τf values were similar and the
ifference was not significant apart from at a sintering temper-
ture of 750 ◦C where the solid-state reaction processed MCV
id not densify at all. Umemura et al.7 also studied MCV sys-
em ceramics produced by a conventional solid-state reaction
rocess. While the Q × fo values of the sol–gel produced MCV
n this study are slightly lower, compared with their results at
igh sintering temperatures (>850 ◦C), all values are higher for
he sol–gel processed MCV at lower sintering temperatures,
50 and 800 ◦C. The results are attributed to the higher sinter-
bilty of the sol–gel produced MCV due to the smaller particle
ize.

Fig. 4 shows the SEM microstructure of sol–gel processed
CV sintered at 750, 800, 850, and 930 ◦C for 5 h, respectively.

he grain size measured by a linear intercept method increases
rom 0.8 to 9.5 �m with increasing sintering temperature. The
pparent porosity of MCV decreased as the sintering temper-
ture was increased. This observation is consistent with the
esults of the increase in Q × fo value with increasing sintering
emperatures.

Fig. 5 shows the XRD patterns of MCV, sintered at differ-
nt temperatures (750, 800, 850, 900, and 930 ◦C) for 5 h. The
CV ceramics were found to be single phase without any sec-

ndary phase observed over the whole sintering temperature
ange within the limits of XRD analysis.

For the commercial application of LTCC, the reaction
etween the microwave dielectric materials and electrode should
e minimized. XRD analysis of the dielectric ceramics and
lectrode powder mixture sintered at the desired tempera-
ure is considered an acceptable way to analyze the interface

eaction.12 This method is widely used for the investigation
f any reaction between dielectrics and electrode materials
sed in multilayer chip capacitors. The XRD patterns of the
ol–gel processed MCV powders, and the mixture of MCV
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red at (a) 750 ◦C, (b) 800 ◦C, (c) 850 ◦C, and (d) 930 ◦C for 5 h.
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Fig. 4. SEM micrographs of sol–gel processed MCV sinte

nd Ag powders after the heat treatment at 900 ◦C for 5 h are
hown in Fig. 6. Since the formation of a secondary phase
as not observed in the XRD pattern, it is suggested that

CV has chemical compatibility with a Ag electrode, mak-

ng Ag a showy candidate for use as an electrode for MCV
ystem.

ig. 5. XRD patterns of sol–gel processed MCV as a function of sintering
emperature.
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ig. 6. XRD patterns of the sol–gel processed MCV powders, and the mixture
f sol–gel processed MCV and Ag powders heat treated at 900 ◦C for 5 h.

. Conclusions
The sintering performance and microwave dielectric proper-
ies of MCV prepared by a sol–gel method were investigated in
rder to identify the possibility of using it as a LTCC material for
icrowave applications. Due to the finer particle size (<1 �m) of
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