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bstract

2O3 (25.0 mol%) was added to Zn2−xSiO4−x ceramics (0.0 ≤ x ≤ 0.5) to decrease the sintering temperature. Specimens with 0.0 ≤ x ≤ 0.3 sintered
t 900 ◦C were well sintered with a high density due to the formation of a B2O3 or B2O3–SiO2 liquid phase. The Q × f value of the Zn2SiO4 ceramic

as relatively low, 32,000 GHz, most likely due to the presence of a ZnO second phase. A maximum Q × f value of 70,000 GHz was obtained for

he specimens with x = 0.2–0.3, and their εr and τ f values were approximately 6.0 and −21.9 ppm/◦C, respectively. Ag metal did not interact with
he 25.0 mol% B2O3-added Zn1.8SiO3.8 ceramic, indicating that Zn2−xSiO4−x ceramics containing B2O3 are a good candidate materials for low
emperature co-fired ceramic devices.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The ongoing development of mobile systems, such as lap-
op computers and cellular phones has pushed the continuing

iniaturization of microwave devices. This miniaturization can
e achieved using low temperature co-fired ceramic (LTCC)
ultilayer devices. LTCC multilayer devices are composed of

lternating dielectric ceramics and internal metallic electrode
ayers.1 Ag is generally used as the metallic electrode layer
n account of its high conductivity and low cost. Therefore,
icrowave dielectric ceramics with a low sintering temperature

eed to be developed for co-firing with the Ag electrode whose
elting temperature is low, approximately 961 ◦C.
A large amount of glass is generally used to decrease the

intering temperature of microwave dielectric materials for
pplication to LTCC multilayer devices.2–5 However, the added
lass exists as an amorphous phase in the specimens, which dete-
iorates the Q × f value of the specimens.6–11 Although some

aterials have a high Q × f value, they generally show a large

egative temperature coefficient of the resonant frequency (τf).
oreover, special production techniques, such as the cold iso-
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tatic press (CIP), are needed to produce specimens with a high
× f value.12–14 Therefore, new materials with a low εr, high
× f and almost zero τf, as well as the ability to be sintered

t low temperatures (≤900 ◦C), are needed for application to
TCC devices.

Zn2SiO4 ceramic synthesized by CIP exhibited a low εr value
nd a high Q × f value of 6.6 and 219,000 GHz, respectively.15

owever, a Zn2SiO4 ceramic recently synthesized without CIP
howed a low Q × f due to the presence of a ZnO second phase.16

small amount of ZnO was removed from the Zn2SiO4 ceramic
o increase the Q × f value and the Zn1.8SiO3.8 ceramic sintered
t 1300 ◦C showed the improved microwave dielectric properties
f εr = 6.6, Q × f = 147,000 GHz, and τf = −22 ppm/◦C.16 How-
ver, the sintering temperature of the Zn1.8SiO3.8 ceramics was
igh and needs to be decreased before they can be considered
or use as LTCC devices. B2O3 was used to decrease the sin-
ering temperature of the Zn1.8SiO3.8 cearmics.17 However, no
ystematic research has been carried out on the effect of B2O3
ddition on the sintering temperature and microwave dielectric
roperties of Zn2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5. In par-
icular, the compatibility of these ceramics with Ag metal has

ot been investigated.

In this study, 25.0 mol% B2O3 was added to the Zn2−xSiO4−x

eramics (0.0 ≤ x ≤ 0.5) to reduce their sintering temperature.
he microwave dielectric properties, shrinkage behavior and

mailto:snahm@korea.ac.kr
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ompatibility with the Ag electrode of the resulting ceramics
ere examined.

. Experimental procedure

Using the method of conventional solid-state synthesis,
n2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5 were prepared from
igh purity (>99%) oxides. For the synthesis of these materi-
ls, ZnO and SiO2 (High Purity Chemicals, >99%) powders
ere ball-milled in a nylon jar with zirconia balls for 24 h. After
rying, the mixed Zn2−xSiO4−x powders (0.0 ≤ x ≤ 0.5) were
alcined at 1150 ◦C for 3 h. After re-milling with 25.0 mol%
2O3 additive, the powders were dried and pressed into discs
nder a pressure of 9.8 MPa and sintered at 875–900 ◦C for
h. The structural properties of the specimens were exam-

ned by X-ray diffraction (XRD: Rigaku D/max-RC, Japan) and
canning electron microscopy (SEM: Hitachi S-4300, Japan).
omposition analysis was performed using energy dispersive

pectroscopy (EDS: Horiba EMAX, Japan). Shrinkage of the
pecimens during heating was measured using a horizontal
oading heating microscope (HM: Okdu Co. Ltd., Korea).
he densities of the sintered bodies were measured using
rchimedes’ principle. The microwave dielectric properties of

he samples were measured using the dielectric resonator tech-
ique suggested by Hakki–Coleman and Courtney.18,19 The τf
alues of the samples were measured at temperatures ranging
rom 25 to 90 ◦C.

. Results and discussion

Fig. 1(a)–(f) shows the XRD patterns of the Zn2−xSiO4−x

owders with 0.0 ≤ x ≤ 0.5, calcined at 1150 ◦C for 3 h. The peak
or the ZnO phase was observed for the specimen with x = 0.0.

complete interaction between SiO2 and ZnO was difficult due

o the very stable structure of crystalline SiO2, resulting in the
ormation of the ZnO second phase.16 A SiO2 second phase was
lso expected to exist in the Zn2SiO4 powder but no peak for
his phase was observed; indicating that a very small amount

ig. 1. XRD patterns of the Zn2−xSiO4−x powders with (a) x = 0.0, (b) x = 0.1,
c) x = 0.2, (d) x = 0.3, (e) x = 0.4 and (f) x = 0.5 calcined at 1150 ◦C for 3 h.
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ig. 2. XRD patterns of 25.0 mol% B2O3-added Zn2−xSiO4−x ceramics with
a) x = 0.0, (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e) x = 0.4 and (f) x = 0.5 sintered
t 900 ◦C for 2 h.

f SiO2 existed in the Zn2SiO4 powder. The ZnO second phase
isappeared with increasing x but a SiO2 phase indicated by the
rrow was newly formed in the ZnO-deficient Zn2SiO4 powders,
s shown in Fig. 1(b)–(f).

Fig. 2(a)–(f) shows the XRD patterns of the 25.0 mol% B2O3-
dded Zn2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5, sintered at
00 ◦C for 2 h. The 25.0 mol% B2O3-added Zn2SiO4 ceramic
as well sintered and a ZnO second phase still existed after the

intering without other second phases. Therefore, it is believed
hat the B2O3 melted during the sintering and assisted the
ensification of the Zn2SiO4 ceramic. On the other hand, the
nO-deficient, Zn2SiO4 ceramics were also well sintered at
00 ◦C and the SiO2 second phase, which was observed in the
nO-deficient, Zn2SiO4 powders, disappeared after sintering

he specimens with x < 0.4. Therefore, B2O3 was considered to
ave interacted with the remnant SiO2 and formed a B2O3–SiO2
elated liquid phase, which assisted the densification of the spec-
mens. However, for the specimens with x ≥ 0.4, the 25.0 mol%

2O3 was insufficient to consume the remaining SiO2 in the
nO-deficient specimens, resulting in the presence of SiO2 sec-
nd phase, as shown in Fig. 2(e) and (f).

Fig. 3 presents the shrinkage behavior of the 25.0 mol%
2O3-added Zn2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5. Shrink-
ge began at approximately 800 ◦C for all these ceramics,
ndicating that B2O3 acted as a good low temperature sintering
id for Zn2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5.

Fig. 4(a)–(d) shows the relative density, εr, τf and Q × f val-
es of the 25.0 mol% B2O3-added Zn2−xSiO4−x ceramics with
.0 ≤ x ≤ 0.5, sintered at 900 and 875 ◦C for 2 h. All specimens
intered at 875 ◦C showed a very low relative density, indicating
hat densification did not occur at 875 ◦C. On the other hand,
he relative density of the specimens with 0.0 ≤ x ≤ 0.3 sin-
ered at 900 ◦C was ≥95% of the theoretical density, which was

ttributed to the liquid phase sintering induced by the presence
f the B2O3 or B2O3–SiO2 related liquid phase. The relative
ensity of the specimens decreased slightly when x exceeded
.3, probably due to the existence of a large amount of the liq-
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Fig. 3. Shrinkage behavior of the 25.0 mol% B2O3-added Zn2−xSiO4−x ceram-
ics with 0.0 ≤ x ≤ 0.5.

F
b

Fig. 4. Relative density, εr, τf and Q × f values of the 25.0 mol% B2O3-added
Zn2−xSiO4−x ceramics with 0.0 ≤ x ≤ 0.5, sintered at 900 and 875 ◦C for 2 h.

ig. 5. (a) XRD pattern of the 25.0 mol% B2O3-added Zn1.8SiO3.8 ceramic sintered with Ag metal at 900 ◦C for 2 h. SEM image and EDS line scan of the interface
etween the 25.0 mol% B2O3-added Zn1.8SiO3.8 ceramic and the Ag metal: (b) bulk and (c) multilayers.
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id phase and a SiO2 second phase. The variation of the εr

alue with x was very similar to that of the relative density,
ndicating that the εr value was considerably influenced by the
ensity, but its variation was not significant ranging between 5.7
nd 6.1. The variation of the τf value with x, ranging between
21.9 and −14.3 ppm/◦C, was not significant. The Q × f value

f the specimens is also shown in Fig. 4. The Q × f value of
he Zn2SiO4 ceramic sintered at 900 ◦C was approximately
2,000 GHz and increased with increasing x to 70,000 GHz for
he specimen with x = 0.3, but then decreased slightly when x
xceeded 0.3. Although the relative density of the B2O3-added
n2SiO4 ceramic was higher than that of the specimens with
> 0.3, its Q × f value was lower than that of the specimens
ith x > 0.3. According to the previous work, the presence of a
nO second phase considerably reduced the Q × f value of the
n2SiO4 ceramic sintered at high temperature,16 indicating that

he low Q × f value of the B2O3-added Zn2SiO4 ceramic sin-
ered at 900 ◦C can also be explained by the presence of a ZnO
econd phase.

Ag has generally been used as the electrode in LTCC devices,
ecause of its high conductivity and low cost. Therefore, it
s important to study the reaction between the Ag electrode
nd the B2O3-added Zn2−xSiO4−x ceramic. Fig. 5(a) shows the
RD pattern of the 25.0 mol% B2O3-added Zn1.8SiO3.8 ceramic

intered with Ag metal at 900 ◦C. Peaks for the 25.0 mol% B2O3-
dded Zn1.8SiO3.8 ceramic and the Ag metal were observed
ithout any peaks for a second phase. The interface between the
g metal and the 25.0 mol% B2O3-added Zn1.8SiO3.8 ceramic
as also studied using SEM and EDS line scan, as shown in
ig. 5(b). This interface was well developed and the silver pro-
le sharply decreased at the interface, indicating that no diffusion
f silver occurred into the 25.0 mol% B2O3-added Zn1.8SiO3.8
eramic. Moreover, the very low concentrations of Zn and Si
n the Ag metal suggested the absence of any reaction between
he Ag metal and the B2O3-added Zn2−xSiO4−x ceramic. The

2O3-added, Zn1.8SiO3.8/Ag/B2O3-added, Zn1.8SiO3.8 multi-
ayers were also formed at 900 ◦C and the interface between

2O3-added, Zn1.8SiO3.8 and Ag was observed using SEM, as
hown in Fig. 5(c). A relatively sharp interface was developed
ithout any Ag diffusion into the B2O3-added Zn1.8SiO3.8 layer,

ndicating that the Ag metal did not react with the 25.0 mol%
2O3-added Zn1.8SiO3.8 ceramic at 900 ◦C.

. Conclusion

B2O3 (25.0 mol%) was added to the Zn2−xSiO4−x ceramics
0.0 ≤ x ≤ 0.5) to decrease their sintering temperature. Shrink-
ge started at approximately 800 ◦C for these ceramics, and
hey were well sintered at 900 ◦C. A ZnO second phase was
bserved in the B2O3-added Zn2SiO4 ceramic, indicating that
liquid phase containing B2O3 was responsible for the densi-
cation of this specimen. On the other hand, the liquid phase
ontaining B2O3–SiO2 was responsible for the densification of

he Zn2−xSiO4−x ceramics with 0.1 ≤ x ≤ 0.5. The relative den-
ity of the specimens with 0.0 ≤ x ≤ 0.3 sintered at 900 ◦C was
igh but slightly decreased when x exceeded 0.3, probably due
o the presence of a large amount of the liquid phase and a SiO2

1

1

eramic Society 30 (2010) 375–379

econd phase. The variation of the εr value with x was very
imilar to that of the relative density. The Q × f value of the
n2SiO4 ceramic sintered at 900 ◦C was low, at approximately
2,000 GHz, but increased to a maximum of 70,000 GHz for the
pecimen with x = 0.3. The variation of the τf value of all the
pecimens ranged between −21.9 and −14.3 ppm/◦C, was rel-
tively small. The Ag metal did not react with the 25.0 mol%
2O3-added Zn1.8SiO3.8 ceramic at 900 ◦C and a chemically

harp interface was formed between the Ag and the 25.0 mol%
2O3-added Zn1.8SiO3.8 layers.
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