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Low temperature sintering behavior and microwave dielectric properties of the BINbO,- and
the ZnNb,Og¢-zinc borosilicate glass (ZBS) systems were investigated with a view to applying
the composition to LTCC technology. The addition of 10~30 wt% ZBS in both systems
ensured successful sintering below 900 C. For the BiNbO,-ZBS system, the sintering was
completed when 15 wt% ZBS was added whereas 25 wt% ZBS was necessary for the
ZnNb,Os-ZBS system. Secondary phase was not observed in the BiNbO,4-ZBS system but a
small amount of Zn,SiO4 with the willemite structure as the secondary phase was observed in
the ZnNb,O4-ZBS system. In terms of dielectric properties, the application of the BiNbO,-
and the ZnNb,O4-ZBS systems sintered at 900 C to LTCC were shown to be appropriate;
BiNbO4-15 wt% ZBS (g, = 25, Q%fvalue = 3,700 GHz, t¢= -32 ppm/C) and ZnNb,0¢-25

201

wt% ZBS (g,= 15.8, O %fvalue = 5,400 GHz, 1v= -98 ppm/C).
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1. INTRODUCTION

Due to a rapid growth in the mobile tele-
communication industry, microwave devices have been
required to have a small volume and to be used at higher
frequency. To meet these requirements, miniaturized
devices such as multi chip modules (MCM) and surface
mounting device (SMD) are intensively developed using
the multi layer process (MLP) and the co-firing
technique. Silver with low electrical resistance is applied
as electrodes of low temperature co-fired ceramics
(LTCC) because it can be heat-treated in ambient
atmosphere. Due to the low meting point of silver (about
960 ), the sintering of LTCC have to be conducted
about 900 C. To reduce the sintering temperature of
dielectric materials, there are lots of studies to use
mixture of low melting temperature glasses as a flux
agent and ceramics as filler[1,2].

Bismuth-based dielectric ceramics are well known as
low-firing materials and have been studied for multilayer
capacitors. Since Kagata et al.[3] reported the microwave
dielectric properties of BINbO,, one of the compounds in
the Bi,03-Nb,Os system, (e= 43, @%f values= 10,000~

17,000 GHz) with sintering aids, various attempts have
been undertaken to improve the microwave dielectric
properties of BiNbO,, such as the substitution of
lanthanide for Bi, the solid solutions of Bi(Nb,.,Ta,)Oy,
Bi(Nb;«Sby)O4 and the addition of various sintering
aids[4-7]. Furthermore, BiNbO, has a merit of relatively
low sintering temperature about 1000 C.

On the other hand, niobium based, columbite-type
compounds such as MNb,Og (M = Zn, Mg, Ca, Mn, Cu
and Co) with an orthorhombic structure have been
investigated for application in microwave devices. These
compounds have very low loss and middle dielectric
constant. Among them, ZnNb,Og¢ exhibits superior
dielectric properties: g= 25, Q xf value= 83,700 GHz and
= -56 ppm/C [8-10]. Moreover, because sintering
temperature is very low as 1150 C, it is expected that
the sintering temperature can be easily reduced to below
1000 C. ZnNb,Os ceramic with sintering aids are,
therefore, promising candidates for low-temperature
sintering dielectrics applied in multilayer microwave
devices. However, a few studies on solid solution
between BiNbO;-ZnNb,Os or sintering aids added
BiNbO, and ZnNb,O, systems were reported.
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In this study, low temperature sintering behavior and
microwave dielectric properties of zinc-borosilicate glass
(ZBS) added BiNbO, and ZnNb,Og ceramics were
investigated in the view point of the application to LTCC
materials.

2. EXPERIMENTAL MODUS OPERANDI

To prepare BiNbO,4 and ZnNb,Og ceramics power, the
proper ratio of Bi,0;, ZnO and Nb,Os powders (High
Purity Chemical Laboratory, Japan, Purity 99.9 %) were
ball-milled for 24 hr and then calcined at 800 C for 2 hr.
Zinc-borosilicate glass (ZBS) was prepared by a
quenching method after a melting process of powder
mixtures of ZnO, B,0;, and SiO, (High Purity Chemical
Laboratory, Japan, purity 99.9 %) at 1300 C for 30 min.
BiNbO,4 and ZnNb,O¢ ceramics composed of 10~20 and
15~30 wt% ZBS were ball-milled for 24 hr and then
dried. The disk type specimens with a 15 mm in diameter
were prepared by a pressing of powder mixtures under
1,500 kg/em® and sintering processes at between
800~925 C with an interval of 25 C for 2 hr. The phase
analysis was carried out by an X-ray diffractometer
(MO3XHF, Mac science) using a Cu target and within 2
theta range of 10~80 °. The microstructures were
observed by a FE-SEM (S-4200, Hitachi). The dielectric
constant (g;) and the quality factor (Qxf value) were
measured by Hakki-Coleman method using a network
analyzer (HP8720ES) and specimens which were placed
between two parallel metal plates; the resonant
frequency, the half power bandwidth which was recorded
at 3 dB level of the resonant peak, and the insertion loss
were measured. The temperature coefficient of resonant
frequency (17} was measured using an invar cavity in the
temperature range of between 25 and 85 C[11].

3. RESULTS AND DISCUSSION

The deformation temperature of the zinc borosilicate
glass (ZBS, 65Zn0-25B,05-10Si0; in wt% and 60.3-
27.1-12.6 in mol%, respectively), i.e., the temperature at

Table 1. Density, defoemation point and dielectric
properties of zinc borosilicate glasses.

65Z25B10S 60Z30B10S

Density (g/cm’) 3.57 3.60°
Deformation point (C) 588 582
Dielectric constant, (g;) 6.53 7.56

Resonant frequency

(GHz) 17.1 15.5
Q 261 93

Qxf value (GHz) 4 465 1439
7 (ppm/C) -10 21

Remarks this work ref. 12
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Fig. 1. Linear shrinkage of the BiNbO4 and the
ZnNb,Os-ZBS systems as a function the sintering
temperature.

Fig. 2. Microstructures of some specimens for the
BiNbO4- and the ZnNb,O4-ZBS systems sintered at
900 C.

the maximum value of thermal expansion curve, was
determined as 588 C, which was similar with the value
in the literature; 60Zn0-30B,0;-10Si0, (in mol%)[12].
Density, deformation point and dielectric properties of
zinc borosilicate glasses were summarized in Table 1 and
these glasses showed similar properties except Q *f value
and 1y.

The linear shrinkage behavior of the BiNbO, (denotes
as BN)- and the ZnNb,O¢ (ZN)-xZ systems was shown
in Fig. 1 as a function of the sintering temperature; X in -
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xZ indicates the amount ZBS in wi%. The linear
shrinkage of both systems increased with the increase of
ZBS content and the sintering temperature. The
shrinkage was completed below 900 C for the specimens
of BN-15Z and ZN-25Z (in ZBS vol%; 8 and 18,
respectively) but the relative density was about 90 % of
theoretical density both systems. As shown in Fig. 1, the
ZN-xZ system exhibited lower shrinkage than the BN-xZ
system having the relatively low sintered temperature at
1000 C. The low shrinkage of the ZN system might be
related to the presence of secondary phases as well as the
relatively low sinterability. The sintering behavior could
be interpreted as the one-stage sintering. It is, moreover,
considered that the non-reactive liquid phase sintering
(NPLS) occurred in these ceramic-glass systems[13,14]
although there was a small amount of secondary phase
was observed in the ZN-xZ system as shown in Fig. 3.
The NLPS is one of the liquid-assisted sintering (LAS)
[15]; LAS distinguishes between the NLPS, where a
glass phase content of at least 20-40 vol% is necessary
for the densification and a reactive liquid phase sintering,
where a glass content <20 vol% is sufficient. In this
study, it is considered that small amount of glass was
sufficient for the densification due to the relatively high

sinterability in both systems although the NLPS occurred.

The densification in the NLPS was proposed in three
stages; the first stage is glass redistribution and local
grain rearrangement where only slight densification
occurs, the second is the main densification process
including global rearrangement, glass redistribution, and
closure of pores where the density from 65 to 90 % of
the theoretical density is accomplished, and the third is
viscous flow where the residual porosity of about 10 % is
closed.

Figure 2 shows the microstructures of some specimens
in both systems which were sintered at 900 °C. It is
understandable that the amount of the closed pore
decreased as the increase of the ZBS content, indicating
that the liquid phase promoted the densification and then
the pore filling resulted in. Generally, for the glass-
ceramic sintering process, the densification is due to the
viscous flow, which instigates the coalescence of
powders and removes the pores in bodies. Accordingly,
the viscosity of glass has an influence on the
densification behavior. B,Oj; is recognized as a typical
glass network former that has a lower glass transition
temperature[16].

The powder X-ray diffraction patterns of both
systems sintered at 900 C are shown in Fig. 3. A single
phase of BiNbO, was observed in the BN-xZ system,
indicating that there were no reactions between BiNbO,
and ZBS. For the ZN-xZ system, ZnNb,Og ceramics was
formed as the main phase and a small amount of Zn,SiO,
with the willemite structure was observed as the
secondary phase.
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Fig. 3. The Powder XRD patterns of (a) the BINbO,- and
(b) the ZnNb,Os-ZBS systems sintered at 900 T.

The dielectric constant (g,) of the BN- and the ZN-xZ
systems as a function of the sintering temperature is
shown in Fig. 4. As the sintering temperature increased,
the increase of the dielectric constant increased; the
increase might be caused by the densification because
the similar behavior was observed in the plot of the
linear shrinkage against the sintering temperature as
shown in Fig. 1. In this study, the dielectric constant of
BN-15Z and ZN-25Z (in ZBS vol%; 8 and 18,
respectively) was measured as 24.6 and 15.8,
respectively when the sintering was conducted at 900°C
which were lower than the calculated value of about 40.1
and 21.7 using the logarithmic mixing rule [17] of Eq.
(1) with the data of the ZBS (6.53), BiNbO, (43), and
ZnNb,Og (25),

log K = Vi*log K; 1)

where, V; and K; are the volume fraction and the
dielectric constant of phase i, respectively. The
difference between the measured and calculated values
might be caused by the presence of pores. Generally, the
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Fig. 4. Dielectric constant of the BiNbO4- and the
ZnNb,06-ZBS systems as a function of the sintering
temperature.
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Fig. 5. 0 xf value of the BiNbO;,- and the ZnNb,Ox-ZBS
systems as a function of the sintering temperature.

dielectric constant is affected by the density; the ¢, value
of porous ceramics showed low values since it of pores
was a unit (e=1).

The Oxf value of both systems as a function of the
sintering temperature is shown in Fig. 5. The O xf value
in both systems decreased as the increase of the amount
of ZBS content, indicating that the Qxf value might be
affected by the presence of the glassy phase having high
loss, i.e. low quality factor. For a material having high
quality factor and low dielectric loss, it is necessary to
reduce the attenuation constant; it is known that the
anharmonicity in the lattice vibration affects the
attenuation constant for perfect crystals (i.e., intrinsic loss)
whereas dislocations, pores, defects, grain boundaries,
and secondary phases have an influence on the attenuation
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Fig. 6. Temperature coefficient of resonant frequency of
the BiNbO,- and the ZnNb,Os-ZBS systems as a
function of ZBS contents sintered at 900 C.

constant for poly-crystals (i.e., extrinsic loss)[13]. In
general, the amounts of pores and grain boundaries
decrease with increasing of the density and then
dielectric losses are reduced.

Figure 6 shows the temperature coefficient of resonant
frequency (TCF, t5) of both systems sintered at 900 C as
a function of ZBS content. The TCF of BN-xZ went
toward the positive side as the increase of the ZBS
content. This result was that the sinterability increased
with the increase of ZBS content as shown Fig. 1., in
addition, BiNbOy specimens were transformed from the
orthorhombic to triclinic phase at 1040 C. E. S. Kim et
al.[18] was reported that BiNbO, with with 0.03 wt.%
CuV,0¢ of the temperature coefficient of resonant
frequency (TCF) was changed from —35.7 ppn/ C for
triclinic phase to —3.4 ppm/C for orthorhombic phase;
the increase of TCF with phase transition of BiNbO, was
due to the increase of bond strain resulting from the [Nb-
O] octahedral distortion of BiNbQ,. The TCF of
ZnNb,Qg4 ceramic decreased as the increase of the ZBS
glass content. In addition, the TCF of Zn-xZ was shown
than ZBS (-10 ppm/C) and ZnNb,O¢ (-56 ppm/C). It is
considered that the change of the glass composition by
dissolution of Nb"® might cause the further decrease of
TCF. A detailed study is necessary to confirm this
suggestion.

Consequently, for the BINbO,4- and the ZnNb,O¢-ZBS
systems the application as materials for microwave
dielectrics of LTCC could be possible because the below
900 C sintering was conducted in both systems. The
improvement of TCF is, however, necessary for the
application. Therefore, the addition of materials having
positive TCF, such as TiQ,, might be an effective
method for the improvement.
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4. SUMMARY

In this study, sinterability and microwave dielectric
‘properties of the BiNbO4- and the ZnNb,O4-ZBS
systems were investigated as a function of zinc-
borosilicate glass content. In terms of dielectric
properties, the application of both systems sintered at
900 C to LTCC were shown to be appropriate; BiNbO4-
15 wt% ZBS (e = 25, O%f value = 3,700 GHz, 1= -32

ppm/C) and ZnNb,O4-25 wt% ZBS (g, = 15.8, O%f

value = 5,400 GHz, 1= -98 ppm/C).
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