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ABSTRACT

We report the effects of the V,0, additive on the sintering behavior and microwave dielectric properties of
ZnNb,O, ceramics. Densification temperatures of V ,0;-doped ZnNb,O, samples are lowered to the range of 875-
925°C because of the liquid phase sintering. Doped samples are composed of a Zn(Nb,V) ,0, solid solution and
second phases. Up to 5 wt% V0, addition, V Nb .0, is the only second phase, however, V,0, also exists as the

Bl

second phase for 10 wt% V,0, addition. In comparison with reported values of undoped ZnNb 0O, ceramics, micro-
wave properties of V,0,-doped ZnNb,Q, samples are seriously degraded, which is confirmed to originate from the
second phases. The optimum microwave properties (@ > f= 13,800, & = 23, and 7,=-66 ppm/°C) are obtained from
ZnNb,O, with the addition of 5 wt% V,0, sintered at $00°C.
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1. Introduction

icrowave dielectrics have been used as key compo-
M nents in mobile and satellite communications, includ-
ing duplex filter, band pass filter, voltage controlled osci-
lator, dielectric resonator, and planar antenna . Recent
development in mobile communication, however, requires
the miniaturization of microwave dielectrics to produce
multi-layer or chip devices like a multi chip module (MCM).
Particularly for the fabrication of MCM, low temperature
co-fired ceramics (LTCC) are widely being studied? since if
densification temperature is lowered below the melting
point (960°C) of Ag, current expensive electrodes such as Pt,
Pd, and Au can be replaced by less expensive Ag.
Maeda et al.? first reported on the microwave dielectric
properties (quality factor, Q X f = 44,000, dielectric constant,
,=20) of ZnNb,O, ceramics for a sample sintered at
1200°C. More recently, Lee et al.* reported much improved
microwave properties (@ <f=83700 and g =25) for a
ZnNb,0 sample sintered at 1150°C. They also reported that
ZnNb,O, exhibited the highest Q *f value among the
MNb,O,M: Ca, Co, Mn, Ni, Zn) compounds which com-
monly have the columbite structure. Although microwave
dielectric properties of ZnNb,O, are quite excellent, the
application of this material to MCM using the Ag electrode
has been hindered because densification is possible at the
temperature above 1150°C.

In general, a sintering aid has been employed to lower the
densification temperature in ceramics, which is also the
case for LTCC microwave dielectrics. Among various poten-
tial additives, V,0, has been selected as the sintering aid for
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ZnNb,O, in the present study since it has been proved effec-
tive for lowering the densification temperature of other
microwave dielectric ceramics®®. Unfortunately, it is also
reported that microwave dielectric properties are seriously
degraded with its addition although the origin for this deg-
radation has been unclarified yet. In this study, we carefully
investigated whether V,0, would be also effective in lower-
ing the densification temperature of ZnNb,O, and how
microwave dielectric properties of ZnNb,0, would be
affected by the V,0, additive. A particular attention has
been paid to identify the important factors governing micro-
wave dielectric properties of V,0,-doped ZnNb,O,.

2. Experimental

Precursors were ZnO, Nb,O;, and V,0; powders with high
purity (>99.9%). ZnNb,O, was first prepared with the fol-
lowing procedure. Precursors of ZnO and Nb,O, were
weighed and mixed with a dry ball-mill. The materials were
pressed into pellets and calcined twice for 2 h at 1000°C
with an intermediate grinding and pressing. Next, various
amounts (3, 5, and 10 wt%) of V,0, were added to ag-cal-
cined ZnNb,O, powder. The powder mixture was ball-milled
for 48 h in a polyethylene jar with zirconia balls using etha-
nol as a medium. The milled powders were dried, granu-
lated with addition of 10 wt% PVA (poly vinyl alcohol)
solutions, and pressed into pellets at 1.5 ton/cm® Pressed
pellets were put into a muffle furnace, heated to various
high temperatures (875-1000°C)-with a heating rate of 5°C/
min to be held for 2 h, and finally furnace-cooled.

Thermal analyses were performed using differential ther-
mal analysis (DTA). Shrinkage of the specimens was mea-
sured using a horizontal loading dilatometry with alumina
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rams and boats at the heating rate of 5°C/min. Phase identifi-
cation was performed using the powder x-ray diffraction
XRD). Sintered density was measured by Archimedes
method. Microstructural analyses were performed by scan-
ning electron microscopy (SEM). Compositional analyses were
performed with energy dispersive x-ray spectroscopy (EDS)
equipped to a transmission electron microscope (TEM).

Microwave dielectric properties of sintered samples were
measured using a network analyzer (Model HP8720C) in
the frequency range of 9-12 GHz. Relative dielectric con-
stant (¢,) was measured using the post resonator method *.
The quality factor (Q *f) was measured by the transmission
cavity method using a Cu cavity and Teflon supports '© and
the temperature coefficient of the resonant frequency ()
was measured using invar cavity in the temperature range
of 20 to 80°C™.

3. Results and Discussion

In order to identify the role of the V O, additive on the sin-
tering behavior of ZnNb,0,, we first performed DTA analy-
ses as shown in Fig. 1. In the case of V,0,, the endothermic
hump with the onset temperature of 671°C is attributed to
its melting event since temperatures like 690°C'™™ and
675°C™ have been reported as the melting point of V,0, in
the literature. For the 10 wt% V,0, -doped ZnNb,O;, the
endothermic hump with the onset temperature of 653 °C is
attributed to the formation of a liquid phase by the chemical
reaction between V,0; and ZnNb,O,. Referring to the phase
diagrams of V,0,-Zn0O binary'® and V,0,-Nb,O, binary',
V,0, represents eutectic reactions with ZnO and Nb,O; at
the eutectic points of 627 & 10°C and 648°C, respectively. As
a result, the thermal event at 653°C ig due to the liquid
phase formation by a ternary eutectic reaction.
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Fig. 1. DTA curves of (a) ZnNb,0Q, with 10 wt% V,0, addi-
tive and (b) V,0,.
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Fig. 2. Shrinkage and derivation dimensional change of Zn
Nb,Q, samples with the additives of (a) 0 wt% V,0,,
®) 3 wt% V,0, (© 5 wt% V,0, (@ 10 wt% V,0,,
respectively.

To further understand whether the above liquid phase for-
mation in the V,0.-doped ZnNb,O, samples would actually
lead to densification at the temperature above 653°C,
shrinkage measurements were performed for the specimens
of as-pressed pellets as shown in Fig. 2. While undoped
ZnNb,O, specimen exhibits the shrinkage onset at ~800°C
and the maximum shrinkage variation within the tempera-
ture region of 1100-1150°C, V,0,-doped ZnNb,O, specimens
commonly exhibit the shrinkage onset at ~600°C and the
maximum shrinkage variation within the temperature
region of 850-700°C. It is also shown that the shrinkage
becomes larger with increasing the amount of the V0O,
additive below 950°C. Interestingly, the specimen with 10
wt% V,0, additive does not show shrinkage at the tempera-
ture above 850°C, implying densification would occur below
900°C. These results suggest that the V,0, additive would
be very effective for the densification of ZnNb O, at rela-
tively low firing temperatures by the liquid phase sintering.

Fig. 3 shows the XRD patterns of samples sintered for 2 h
at 900°C. Small extra peaks, which are absent in the pure
ZnNb,0O, sample in Fig. 4(a), are found for the V,0_-doped
samples in Fig. 4(b)-(d). With the aid of JCPDS (Joint Com-
mittee on Powder Diffraction Standards), we could figure
out that these peaks are originated from two different sec-
ond phases of V,Nb,.O,, and V,0,. Up to 5 wt% V,0, addi-
tion, only V,Nb,.O,, phase is chserved. However, with 10
wt% V,0, addition, V,0, also appears as the second phase.
In Fig. 3, it is also observed that the major peak positions of
the V,0,-doped ZnNb,O, samples shift to higher 26 in com-
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Fig. 3. XRD patterns of ZnNb,O, samples with the additives
of (2) 0 wt% V,0,, () 3 wt% V,0,, (©) 5 wt% V,0,, (d)
10 wt% V,0,. All samples were sintered at 900°C.

parison with pure ZnNb,O,. To identify the origin of this
peak shift, the composition of the matrix phase of V,O
doped specimen was analyzed with TEM-EDS. The EDS
analysis result exhibited the existence of 4 mol% V compo-
nent in addition to Zn, Nb, and O, implying that ZnNb ,0,
has a limited solubility of V. If we consider the ionic size of
these components, V>" ions most probably occupy the Nb*
site to form the Zn(Nb,V),0, solid solutions, which might
cause the above XRD peak shifts.

In order to identify the formation procedure of second
phases, we have also performed XRD analyses for 10 wt%
V,0.-doped ZnNb,O, samples, rapidly quenched from vari-
ous high temperatures in air. The results are shown in Fig.
4. Below the liquid formation temperature of 653°C, the
V Nb,,0;, phase is first formed as the major second phase
through a solid state reaction between V,0, and ZnNb,O,.
In the temperature range between 675°C and 750°C, the
V.Nb,,O,, phase also appears and coexists with the V Nb,
O,; phase. Between 700°C and 750°C, the V,Nb,0,. phase
completely disappears and the V,Nb O, phase still exists,
The V,Nb,.O,, phase is stable above 750°C and hence it is
detected as the second phase of V,0,-doped ZnNb,O, sam-
ples sintered at the temperature range of 875-925°C. In the
case of the V,0, second phase, it is detected only for 10 wt%
V, 0, addition as previously mentioned. While the peaks due
to the V,0, phase exist in the whole temperature range, it is
obvious that the XRD peaks become very broad at the firing
temperature above 675°C as shown in Fig. 4. Since the melt-
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Fig. 4. XRD patterns of 10 wt% V,0;-doped ZnNb,0, sam-
ples quenched from various high temperatures in air.
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Fig. 5. Sintered density of V,0,-doped ZnNb,0O, samples as a
function of the sintering temperature,

ing point of V,0, 1s 671°C, the V,0, phase detected above
675°C is surely a byproduct solidified from the liquid phase
during air-quenching.

Fig. 5 represents the sintered density of V,0;-doped
ZnNb,O, samples as a function of the sintering tempera-
ture. While sintered densities of samples with 3 wt% V ,0,
monotonously increase with increasing the sintering tem-
perature, those of samples with V,0, more than 5 wt% are
not altered significantly above 900°C. Here, it should be
noted that at least 1150°C is required for the densification of
pure ZnNb,O,". Since the theoretical density of pure Zn
Nb,0, is 5.645 g/em®, the highest sintered density of 5.137 g/
cm” obtained from the sample of 5 wt% V ,0,-doped ZnNb,O,
sintered at 950°C corresponds to only 91% relative density
on the basis of pure ZnNb,0,. Thus, relatively low sintered
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Fig. 6. SEM Micrographs of (a) pure ZnNb,O, sintered at
1150°C and (b) 10 wt% V,0.-doped ZnNb,0, sintered at
900°C.

densities of V,0,-doped samples are ascribed to the exist-
ence of second phases since theoretical densities of V [Nb,,
0,, and V,0, second phases are 3.46 g/cm® and 4.46 g/em®,
respectively.

SEM micrographs of samples are shown in Fig. 6. To
obtain a clear grain boundary, both pure and 10 wt% V ,0,-
doped ZnNb,O, samples were thermally etched at 1000°C
and 700°C for 1h, respectively. In comparison with pure
ZnNb,O, in Fig. 6(a), doped sample in Fig. 6(b) exhibits
much smaller grain size although grain shapes are not
much different. Although not presented, SEM micrographs
of samples with 3 and 5 wt% V,0, and sintered at 900°C are
very similar to Fig. 6(b). From Fig. 6(b), it is clear that the
sample sintered at 900°C is very dense, which also supports
that low sintered densities of doped samples in Fig. 5 are
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attributed to the inclusion of the second phases.

Microwave dielectric properties of V,0O,-doped ZnNb,O;
samples are represented in Table 1. For a comparison,
reported data of pure ZnNb, 0, samples are also listed in the
table. Unfortunately, it is obvious that the addition of V ,0,
to ZnNb,O, greatly decreases the quality factor, Q@ <{. The
dielectric constant, €, also becomes relatively smaller and
the temperature coefficient of the resonant frequency, T, val-
ues becomes more negative. Similar results are also found
for other microwave dielectrics with the V,0, additive™®
although the origin for this degradation was unclarified in
these reports.

For V,0,-doped ZnNb,O, samples, we have identified
important factors leading to a serious degradation of their
microwave dielectric properties in Table 1. Possible origins
of this degradation surely ascribe to the formation of Zn
(Nb,V), 0, solid solution and/or the second phases. At first,
we have tried to identify the effect of the Zn(Nb,V),0,
matrix phase on the microwave properties. For this pur-
pose, a pure Zn(Nb, .V, ).0. sample without any second
phases was prepared independently. We selected this com-
position on the basis of the TEM-EDS analysis result previ-
ously described. Interestingly, a highly dense sample of this
composition could be obtained at the sintering temperature
of 900°C in air. Microwave dielectric properties of this sam-
ple are listed in Table 1. Therefore, such an abrupt decrease
of the quality factor, @ X{ shown in Table 1 is unattribut-
able to the formation of Zn(Nb,V) 0, solid solution. Here, it
is noteworthy that a small amount of the V component for
the substitution of the Nb site is very effective for the low
temperature sintering without such a serious degradation
of microwave properties. Detailed study for this system is in
progress.

As the Zn(Nb,V),0, matrix phase is not the origin of the
property degradation, it is thus natural to find the origin
from the second phases. The V Nb O, phase is the major
second phase in the ZnNb,O, samples of 3 and 5 wt% V,0,
additives (see Fig. 3). Since these samples commonly exhibit
much depressed quality factors compared to pure ZnNb ,O,
samples (Table 1), it is suggested that the degradation of
the quality factor, Q *f is primarily attributed to the
ValNb,,0;, second phase, To ensure this point, a pure V Nb,,
0,, sample was prepared at the sintering temperature of
1050°C, independently. Below this temperature, densifica-

Table 1. Microwave Dielectric Properties of Pure and V,0,-doped ZuNb,0, Samples

Compositions Sintering Conditions Qxf £, 1, (ppm/°C)
ZnNb,0, Maeda et al.)? 1200°C, 5h 44,000 20 X
ZnNb,0, (Lee et al)” 1150°C, 2h 83,700 22 -56
ZnNb,0, + 3 wit% V,0, 950°C, 2h 13,900 18 -80
ZnNb,0, + 5 wt% V,0, 900°C, 2h 13,800 23 -66
ZnNhb,0, + 10 wt% V,0, 900°C, 2h 10,300 22 -83
Zni(Nby 06 Vo 0205 900°C, 2h 47,000 29 -64
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Fig. 7. Dielectric properties of a pure V,Nb,,O;, sample sin-
tered at 1050°C.

tion was not achieved. The microwave properties of this
sample were unmeasurable in the microwave frequency
region. Thus, we measured dielectric properties in the rela-
tively low frequency region (1 kHz - 40 MHz), as shown in
Fig. 7. Relatively high dielectric loss and very low dielectric
constant even in this frequency region are observed from
this figure. Therefore, a serious degradation of dielectric
properties is expected to occur in the microwave region.
Although not measured, the V,0, second phase existing in
the 10 wt% V,0,-doped sample is considered to behave like
the V,Nb,.O,, second phase. Consequently, we could figure
out that the abrupt degradation of microwave properties for
V,0,-doped samples are surely due to the presence of the
second phases possessing very poor microwave properties.

In summary, with the V,0, additive, sintering tempera-
ture of ZnNb,O, could be lowered from 1150°C to the range
of 875-925°C. The densification at such a low firing temper-
ature was enabled by the liguid phase sintering, where the
liquid phase was formed from the reaction between
ZnNb,O,; and V,0, The addition of V,0; to ZnNb,O,
resulted in the formation of the Zn(Nb,V) 0, solid solution
matrix and the second phases. Up to 5 wt% V,0; addition,
V,Nb,.0,, was the only second phase while V,0; phase was
found as well for 10 wt% V,0, addition. In comparison with
undoped ZnNb,Q,, V,0,-doped ZinNb,0O, exhibited much
degraded microwave dielectric properties. This degradation
is attributed to the second phases of V . Nb, O, and V,0,,
exhibiting relatively high dielectric loss and very low dielec-
tric constant even in the frequency region of 1kHz - 40
MHz. The optimum microwave dielectric property of Q <f =
13,800, g, = 23, ;= -66 ppm/°C was achieved from the 5 wt%
V,0;-doped sample sintered at 900°C for 2 h.

4, Conclusion

With the V,0, addition to ZnNb,O, microwave ceramics,
while densification temperature can be lowered below the

Vol. 38, No.4

melting point of Ag because of the liquid phase sintering,
microwave dielectric properties are seriously degraded in
comparison with pure ZnNb,0; This serious degradation is
caused by the inclusion of the second phases such as
VNb,0,, and V,0,. Particularly, the formation of the
V.:INb;,O;, phase is unavoidable for the present system. One
way to detour this problem seems to form a Zn(Nb,V) ,0,-
type solid solution by substituting the Nb site with the V
component since densification occurred at the temperature
like 900°C and its microwave properties are not much
degraded, which however requires further study.
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