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Abstract

The preparation and dielectric properties of 3Zn0O-B, 05 ceramics were investigated. Dense 3Zn0O-B,0; ceramics were obtained as sintered in the
temperature range from 950 to 1000 °C for 3 h. The X-ray diffraction showed that the obtained ceramics were of a monoclinic 3ZnO-B,0Oj; structure.
The ceramic specimens fired at 955 °C for 1 h exhibited excellent microwave dielectric properties: &, ~ 6.9, Q x f~ 20,647 GHz (@6.35 GHz),
and t¢ ~ —80 ppm/°C. The dependences of relative density, &, and Q x f of ceramics sintered at 955 °C on sintering soaking time showed that
they all reached their plateaus as the soaking time was up to 60 min. Meanwhile, 3ZnO-B,0; ceramics had no reaction with silver during cofiring,
indicating it is a potential candidate for low-temperature cofired ceramic (LTCC) substrate.

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

With the rapid growth of mobile and wireless telecom-
munication system in the consumer electronic market, the
low-temperature cofired ceramic (LTCC) technology is playing
an important role in the development of various electronic mod-
ules and substrates. By the LTCC technology, ceramic dielectrics
and low-melting metallic conductors are stacked and cofired in
multilayers in special patterns to fulfill different electrical func-
tions. Generally ceramic dielectrics are required to have a low
sintering temperature (<950 °C) and a low relative permittivity
(usually & ~ 4-9).!

Recently, compound ceramic systems with originally low sin-
tering temperature have been investigated for LTCC application
without addition of any sintering aids. These systems include
binary systems AO-TeO; (A =Ba, Ca),>> JO-WO3 (J=Mg,
Lii;nBiy),%” MgO-V,05,% and RO-MoO3 (R = Mg, Ba, Mn),’
and Bi12M020_5 (M= Si, Ge, Ti, Pb, Mn or B1/2P1/2).10 How-
ever, among these systems, AO—TeO; and LiBiW;Og ceramics
seem to react with Ag electrode,>>’ MgO-V,05 ceramics
needs long sintering soaking time,® and Bi;p;MO»yo_s ceramics
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exhibits relatively low quality factor (Q x f) (~8000 GHz).!”
These drawbacks limit their further application in LTCC. So
there is always much interest in searching for new ceramic
systems with much better sintering and microwave dielectric
properties.

In the ZnO-B,03 binary system, at least three zinc borate
phases exist and the temperature dependence of their stability
was reported very early.!! Recently different zinc borate single
crystals were synthesized as potential optical compounds, !> 14
and zinc borate glass was used as sintering aid in other ceramics
to lower their sintering temperatures due to its low softening
point.">~!7 However no papers reported the preparation and
microwave dielectric properties of zinc borate dense ceramics.
In this present paper, we report the low-temperature preparation
of ceramics of 3Zn0-B,03 (also described as a phase with the
composition 5Zn0-2B,03'%19), without addition of any sinter-
ing aids, by the traditional ceramic process. This simple ceramic
system shows originally low sintering temperature and excellent
microwave dielectric properties.

2. Experimental

The materials were prepared by the conventional solid state
ceramic oxide route. Starting chemicals of ZnO (>99.9%,
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Guo-Yao Co. Ltd., Shanghai, China), H3BO3 (>99.9%, Guo- Yao
Co. Ltd., Shanghai, China) were weighed in a nominal com-
position of 5Zn0-2B,03, dry mixed thoroughly, and calcined
at 750°C for 1h. Then the calcined powder was ball milled
with de-ionized water using zirconia balls for 3 h, and dried.
For homogeneity, the dried powder was calcined at 750 °C for
1 h, wet ball milled, and dried again. The dried powder was
pelletized with 8 wt% PVA binder and bilaterally pressed into
cylindrical compacts of 25 mm in diameter and about 20 mm in
height under a pressure of 100 MPa. The green specimens were
fired in a temperature range from 930 to 1000 °C for 3 h. In addi-
tion, the effect of sintering time was investigated by firing the
green specimens at 955 °C for different soaking times of 15 min
to 2 h. The sample for the test of cofiring compatibility with Ag
was prepared by mixing the calcined powder with 50 wt% of
AgNO3 powder.

Crystalline phases of the sintered samples were identified
with an X-ray diffractometer (Rigaku D/MAX-RB, Tokyo,
Japan) using a Cu Ko target within 26 range of between 10° and
80°. The bulk densities of sintered specimens were measured by
the Archimedes method. The microstructures of sintered com-
pacts were observed from fracture surfaces by scanning electron
microscopy (SEM, Sirion 200, FEI, Netherlands).

The ¢ and Q x fvalues were determined using a silver coated
cavity ca. 4 times the diameter of the test resonator (this ensured
an isolated but shielded resonator) and an Agilent network
analyzer (E5071 C) operating in the TE(s resonance mode in
reflectance.?%! For the measurement of the temperature coeffi-
cient of resonant frequency (tr), the technique is the same as that
of O x f measurement. The test cavity was placed over a ther-
mostat and the temperature range used was from 30 to 80 °C.
The 1 values were calculated as follows:

_Jso— fa
=
f30(80 — 30)

where fgo and f3g are the resonant frequencies at 80 and 30 °C,
respectively.

ey

3. Results and discussion

Fig. la—d shows the room temperature X-ray diffraction
(XRD) patterns of 3Zn0O-B,0Os3 ceramics sintered at different
temperatures in the range from 930 to 1000 °C for 3 h. The XRD
patterns of 3Zn0O-B,O3 ceramics sintered at these temperatures
are considered to attribute to a single phase which corresponds
to the 3Zn0O-B,03 (JCPDS 71-2063) with a monoclinic struc-
ture under the detection limit of the instrument, and the crystal
structure of ceramic samples did not change with the increasing
temperature. The XRD pattern of 3Zn0O-B,0O3 ceramic cofired
with Ag in the Fig. le shows no evidence of the formation of
secondary phase except silver, indicating that the 3ZnO-B,03
ceramic has a chemical compatibility with silver during cofiring.

The microstructure evolution of 3Zn0O-B,0O3 ceramics was
investigated as a function of sintering temperature. Fig. 2 shows
the SEM images of the fracture surfaces of ceramic samples
sintered at different temperature for 3h. The sample sintered
at 930 °C was obviously porous with irregular shape pores and

Ag

(=]
< <

(c)

Intensity (a. u.)

(b)

@

3Zn0-B,0, JCPDS 71-2063

20 25 30 35 40 45 50 55 60 65 70
2 Theta (degree)

Fig. 1. XRD patterns of 3ZnO-B, O3 ceramics (a)—(d) sintered at 930 °C, 950 °C,
975 °C, and 1000 °C, respectively, for 3 h, and (e) cofired with silver at 955 °C
for 30 min.

small grains of about 5 wm in size, indicating its insufficient sin-
tering (Fig. 2a). As the sintering temperature was up to 950 °C,
the ceramic turned much denser and less small pores with irreg-
ular shape were left (Fig. 2b). At 975°C grains grew greatly,
and few large spherical pores formed (Fig. 2c). These spherical
pores originated from the gas inside the ceramics.?> When the
sintering temperature reached up to 1000 °C, the number of the
spherical pores in ceramics increased (Fig. 2d), indicating that
the sample was excessively sintered.??

Fig. 3 shows the bulk density and microwave dielectric
properties of 3Zn0O-B,0O3 ceramics sintered at various sinter-
ing temperatures for 3h. The ceramics fired at 930°C had a
bulk density of about 2.88 g/cm? (68% of TD) with a relatively
low shrinkage of 15.2%, implying that it was not dense. As
fired at 950 °C the ceramics reached the maximum in density of
4.07 glem? (96% of TD) with a shrinkage of 23.9%. With further
increase in firing temperature the density of ceramics slightly
decreased. The bulk density results were in good agreement
with the SEM observation. The dependence of &, of 3Zn0O-B,03
ceramics on sintering temperature had a tendency similar to
that of the bulk density. As the firing temperature was up to
950°C, &, reached a maximum of 6.9. However, Q x f value of
3Zn0-B,03 ceramics achieved the maximum of 36,800 GHz (at
6.62 GHz) at 975 °C. With further increase in firing temperature
to 1000 °C, the Q x f value of ceramics decreased substantially
to 10,698 GHz (at 6.81 GHz), which might result from the for-
mation of excess glass phase and spherical pores in ceramics.
The t¢ value of 3Zn0O-B>03 ceramics ranged from —66 to
—114 ppm/°C when the sintering temperature ranged from 930
to 1000 °C.

Fig. 4 shows bulk density, &, and Q xf value of the
3Zn0-B,03 ceramics sintered at 955 °C as a function of soak-
ing time in a range from 15min to 2h. The bulk density of
ceramics increased with the increasing soaking time and reached
its plateau value of 4.07 g/cm® (96% of TD) at 60 min. The
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Fig. 2. SEM photographs of 3ZnO-B,03 ceramic samples sintered for 3 h at different temperatures: (a) 930 °C, (b) 950 °C, (c¢) 975 °C, and (d) 1000 °C.

3
w W A
o o o

~=

Bulk density
g/lcm

N
o

5‘:7 40k
5 30k
& 20k
O 10k

Fig. 3. Bulk density and microwave dielectric properties of 3ZnO-B,03 ceram-
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Fig. 4. Bulk density, &, Q x f of 3ZnO-B,03 ceramics sintered at 955°C as a
function of the soaking time.

dependences of ¢; and Q X f value of 3ZnO-B,03 ceramics on
soaking time had a trend similar to that of the bulk density.
The ceramic samples obtained at 955 °C for 60 min exhibited
an & and Q x f value of 6.9 and 20,647 GHz (at 6.35 GHz)
respectively. These results suggest that sintering at 955°C
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for 60 min is sufficient for the densification of 3Zn0O-B;0j3
ceramics.

Based on the above-mentioned XRD, SEM, density, and
dielectric property results (Figs. 1-4), it is concluded that the
optimal sintering temperature of 3Zn0O-B,0O3 ceramics approx-
imately ranges from 950 to 985 °C. Samples sintered at these
temperatures were dense and of excellent dielectric properties.
All these optimal sintering temperatures were below the melt-
ing point (1080 °C) of 3ZnO-B, 03 phase as given by the phase
diagram from Leonov.>> Moreover the lower limit of this opti-
mal sintering temperature range was close to the eutectic point
(957°C) in the phase diagram.”? This implied that a liquid
(glass) phase might begin to form and to facilitate the densi-
fication of ceramics at this temperature.

4. Conclusion

In the present paper, the preparation and microwave
dielectric properties of 3Zn0O-B,O3 ceramics were studied.
3Zn0-B,03 ceramics can be prepared by the conventional
solid state oxide route and well densified at 955°C for 1h
with a bulk density of 4.07 g/cm?, which exhibits excellent
microwave dielectric properties: €,=6.9, Q x f=20,647 GHz
(at 6.35GHz), and t¢=—80ppm/°C. In addition 3ZnO-B,03
ceramics has a chemical compatibility with Ag during cofiring.
This simple ceramic system is a potential candidate for LTCC
substrate.
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