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Abstract

A new 10Ba0O-40ZnO-15B,0,-35P,05 (wt%) glass—ceramic with ultra-low permittivity and excellent thermal stability were
fabricated by solid-state reaction method. The sintering, phase composition, microstructure and microwave dielectric proper-
ties of the glass—ceramics were studied through XRD, SEM, density and dielectric property measurement. The result shows
BaZn,(PO,), precipitates first at low sintering temperature of 550 °C, and with increasing sintering temperature, Zn;(PO,),
and Zn;(BO;), phases come out in succession in the glass. The bulk densities of the glass—ceramics firstly increase and then
decrease with the increment of firing temperature and the highest density can be achieved at 700 °C. The glass—ceramics
sintered at 700 °C for 2.5 h possesses the optimal dielectric properties of e, =4.16, Q Xf=12,250 GHz (13.6 GHz), and
7,=—1.5 ppm/°C. Moreover, the samples have good chemical compatibility with silver electrodes, which indicates that the

developed glass—ceramic materials are suitable for LTCC applications.

1 Introduction

LTCC technology is an important technology in microelec-
tronic field. It requires that materials could be co-fired with
metals such as copper and silver at lower temperatures [1,
2]. With the integration and multifunction of passive imple-
ments, it is particularly important to find a LTCC substrate
materials with low dielectric constant (g,) and low loss [3,
4]. In general, the low dielectric constant has a direct influ-
ence on the signal transmission speed, the frequency selec-
tive characteristics of the device are determined by the qual-
ity factor (Q X ) of the materials, the thermal stability of the
device lies on the temperature coefficient of the resonant
frequency (t¢) [5, 6]. Therefore, microwave dielectric ceram-
ics with low €, high Q X f'and a near zero t; are expected to
solve the above problems.

Conventional microwave ceramics such as BaTi,O,,
Ba,TiyO,, and LiAl,_ (Mg, sSi, 5)xO, have excellent
microwave dielectric properties, but the sintering tempera-
ture exceeds 1300 °C, which is impossible to co-fire with
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electrodes such as Ag or Al [7-9]. At present, LTCC mate-
rial systems with low €, have been reported, such as molyb-
dates, vanadates and tungstates [10—12]. These systems
have inherent low sintering temperature and good dielectric
properties, but they have poor chemical compatibility with
metal electrodes such as copper and silver during co-firing
process [13, 14]. Bian et al. [15, 16] reported these com-
pounds including A,P,0, (A =divalent metal), CaCuP,0,
SrCuP,0,, CaZnP,0, and SrZnP,0,, and found these com-
pounds sintered at 900 °C have good dielectric properties:
e,=7, QX f=10,000 GHz and t;=—"70 ppm/°C. However,
the large 7 and e, limit its application. Song et al. [17]
reported that 1 wt% LiF added 0.7BaAl,Si,04—0.3Ba,Si
30, ceramic sintered at 750 °C has excellent microwave
dielectric properties of €,=7.63, Qxf=12,410 GHz and
7,=— 1.2 ppm/°C. However, the €, is somewhat high.
Recently, divalent metallic phosphate and borate com-
pounds have relatively low e, and high Q value [18,
19]. Dosler et al. [20] reported that MgO-B,05-Si0,
glass—ceramic sintered at 850-950 °C showed the dielectric
properties of £,.=6.1-6.9, Q X f=5000-8000 GHz (12 GHz).
Qing et al. [21] found that adding ZnO to CaO-Al,0;-SiO,
can reduce the permittivity and increase the Q X f value.
Jiang et al. [22] reported that CaO-ZnO-B,0;-P,05
glass—ceramics exhibited good dielectric properties of
e, =4.2-6.5, Qxf=13,450-16,826 GHz (13.44 GHz),
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T,=—21 to —25 ppm/°C when sintered at 650-780 °C. As
we know, Ba®* has a large ion radius and inhibits the migra-
tion of alkali metal ions, it can effectively reduce dielectric
loss of glass—ceramic. Simultaneously, BaO, as a typical
network modifier oxide in glass, will destroy the original
network structure to some extent. Therefore, the addition of
BaO in the glass composition will decrease softening tem-
perature and enhance the liquidity of the glass phase, and
promote densification within a certain range. Zhu et al. [23]
found that adding BaO to CaO-B,05;-Si0, could reduce
glass transition temperature and softening temperature.
Hence, if BaO substitutes for CaO in CaO-ZnO-B,0;-P,0s,
it is expected that a new glass—ceramic substrate material
with preeminent microwave dielectric properties and with
low sintering temperature can be obtained.

In this work, BaO-ZnO-B,0;-P,0; glass—ceramics were
prepared by solid state reaction route, and its microstructure,
phase composition, microwave dielectric properties and co-
firing compatibility with Ag were carefully studied.

2 Experimental procedure

The preparation process of glass—ceramics is divided
into two parts, including the preparation of glass and
glass—ceramics. For synthesizing glass powders, the chemi-
cal raw materials BaCO; (>99.0%), ZnO (>99.0%), H;BO,
(>299.5%) and NH,H,PO, (>99.0%) (Shanghai Guoyao
Co., Ltd., China) were weighed and blended according to
designed glass composition of 10Ba0O—-40Zn0O-15B,05;-35
P,05 (abbreviated to BZBP, wt%). The mixed batch was
melted in a high purity aluminum crucible in air at 1300 °C
for 2 h. The glass melt was quenched, and milled to fine
powder. For preparing glass—ceramics, the 12% polyvinyl
alcohol was added into BZBP glass powder as binder and
pressed into cylinder (12 mm diameter, 5-6 mm height)
under a uniaxial pressure of 4 MPa. In order to eliminate the
binder, all the pellets were heated to 500 °C for 1 h, and then
maintained at scheduled sintering temperatures for 150 min
in air to make glass—ceramics.

The absorption spectrum of the sample is obtained in the
range of 400-4000 cm™! through Fourier transform infrared
spectrum for revealing the structure of glass. The glass tran-
sition temperature and crystallization temperature of BZBP
glasses were investigated by differential thermal analysis
(DTA) using alumina as the reference material, at a heating
rate of 10 °C/min. The phase composition of the samples
was analyzed by XRD. The bulk density (p) of the sintered
pellets was measured by the Archimedes method. Microwave
dielectric properties of the samples were measured by net-
work vector analyzer, and the test frequency is between 13
and 14 GHz. The microstructure of the sample and its chem-
ical compatibility with Ag electrodes were observed by SEM
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equipped with EDS. The temperature coefficient of resonate
frequency (ty) in a temperature range of 25-75 °C was cal-
culated using the formula [24] ;= (f; —f,)/f,(T —T,), where
fr and f are the resonate frequencies at the measuring tem-
perature T and room temperature T, (25 °C), respectively.

3 Results and discussion

Figure 1 displays the FTIR spectra of the BZBP glass. Six
absorption peaks are observed. The absorption peaks of the
glass structure are illustrated in two infrared regions. The
first one appears near 708 cm™', which owes to the bending
vibration of the B-O-B bond [25]. The asymmetric stretch-
ing vibration of B—O bond in BO; triangle, correspond-
ing to the other peak appears near 1440 cm™'. The peak at
484 cm™! indicates the formation of Zn—O bond [25]. The
tensile vibration of the P=0 bond is corresponding to the
peak at 1100 cm™'. The presence of absorption peaks of
2350 cm™! and 3430 cm™! indicates the presence of water
groups (OH), which is caused by the moisture absorption
during the preparation of the samples using KBr [25].

Figure 2 shows DTA curve and XRD pattern of BZBP
glass. The glass transition temperature (7}) is 524 °C, two
exothermic peaks, which corresponds to 603 °C and 659 °C,
represent different crystallization temperature. XRD pattern
shows that the precursor glass exhibits a broad dispersion
peak, which indicates that BZBP glass is not crystallized,
i.e. a typical amorphous substance.

Figure 3 shows XRD profiles of BZBP glass samples sin-
tered at different temperatures. XRD analysis results dem-
onstrate that the glass starts to precipitate the BaZn,(PO,),
phase when sintered at 550 °C. As the sintering temperature
increases to 600 °C, the new phase Zn;(PO,), appears. With
further increasing firing temperature from 660 to 740 °C,
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Fig. 1 FTIR spectra of glass
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Fig.3 XRD profiles of the glass specimens sintered at various tem-
peratures

three types of phases including BaZn,(PO,),, Zn;(PO,),,
and Zn;(BO;), coexist. According to XRD patterns, it can
be clearly seen that BaZn,(PO,), phase is the main phase.
Based on the change of diffraction intensity, the crystal
phase content of the sample gradually increases with the
increase of temperature. When the sintering temperature
reaches 740 °C, the diffraction intensity obviously decreases
because of over-sintering of the sample. Table 1 shows the
phase composition of the samples at different sintering
temperatures.

Figure 4 illustrates the bulk densities of glass—ceramics.
The specimen sintered at 550 °C is not densified and has a
minimum density. With the increment of temperature from
550 to 740 °C, the density firstly increases remarkably and
then decreases. And a maximum value of 3.26 g/cm® can be
gained at 700 °C, which is due to the dense microstructure of

Table 1 Phase composition of the specimens obtained at various tem-
peratures

Sintering tempera- Phase compositions

ture (°C)
550 BaZn,(PO,),
600 BaZn,(PO,), Zn,(PO,),
660 BaZn,(PO,), Zn,(PO,), Zn4(BO5),
700 BaZn,(PO,), Zn,(PO,), Zn4(BO5),
740 BaZn,(PO,), Zny(PO,), Zny(BO5),
3.5
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Fig.4 Bulk density of the specimens at various temperatures

the sample. Nevertheless, the decrease in density at 740 °C
is the result of excessive sintering [19]. Hence, bulk density
is directly affected by sintering temperature [26].

SEM micrographs of the samples at different sintering
temperatures are shown in Fig. 5. It can be seen from Fig. 5
that at different sintering temperatures, the densification
situation of the microstructure in the samples is obviously
different. The samples sintered at 550 °C and 600 °C exhibit
porous microstructure and contain a large amount of glass
phase, indicating that the density of the sample is low. Obvi-
ous crystal phase precipitation and grain growth accompa-
nied by less porosity are observed with raising sintering tem-
perature from 660 and 700 °C. At present, liquid phase wets
glass powder and promote the migration and rearrangement
of particles, meanwhile, the crystal is further precipitated
from the glass matrix. This is beneficial to sintering den-
sification of the samples. The uniform and well-densified
glass—ceramic can be obtained at 700 °C. However, with
increasing sintering temperature up to 740 °C, excessive
growth of some crystals is observed, which suppresses the
sintering densification, namely, too high temperature will
go against the sintering. The above results agree with the
change of density of the samples, as shown in Fig. 4.
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Fig.5 SEM images of the sam-
ples sintered at various firing
temperatures

Figure 6 demonstrates the permittivity of the

glass—ceramic specimens at various sintering tempera- 4.20

tures. With an increase in sintering temperature, the dielec- I

tric constant exhibits firstly raise and then reduce, which P
is in accord with variation tend of bulk density shown in 416 - "

Fig. 4. At 550 °C, the sample has the lowest permittivity
due to porous microstructure and more glass phase with
lower permittivity. At 600 °C and 660 °C, the permittivity
increases obviously, which may be due to the relatively
large dielectric constant and relatively compact micro-
structure of the main crystalline phase BaZn,(PO,),. When
the sintering temperature continues to rise to 700 °C, the | h

=
-
~
T r

4.08

Dielectric constant(e )

maximum dielectric constant is obtained, which is mainly 4.04 -

ascribed to uniform and dense microstructure of the sam- L . L . L . L . L
ple. However, when the sintering temperature reaches 550 600 650 700 750
740 °C, the dielectric constant decreases significantly, Temperature(’C)

which is due to the increase of porosity. As well known,
in glass ceramic materials, the dielectric constant of the  Fig.6 Permittivity of the samples at various temperatures
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Fig.7 QXf values of the samples as a function of sintering tempera-
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Fig.8 The 7, values of the glass—ceramics as a function of tempera-
ture

sample is determined by the contents of crystalline phase,
glass phase and pores.

Figure 7 displays Q xf values of the sintered
glass—ceramic specimens. Generally, the quality factor
(or dielectric loss) lies on not only by the intrinsic loss
such as the lattice vibration modes, but also by type and
content of crystal phase and densification of the sample
[27, 28]. The influence of sintering temperature on the
Q x f value of glass ceramics is similar to the trend of
bulk density changing with sintering temperature, as seen
in Fig. 4. In other words, with the increment of tempera-
ture, Q X f values display first augment and then diminish.
When the sintering temperature is 700 °C, the Q x f value
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Fig.9 a XRD pattern, b SEM image and ¢ EDS analysis result of the
specimen co-fired with 20 wt% silver at 700 °C for 150 min

of the sample reaches a maximum of 12,250 GHz. For
polycrystalline glass ceramics, the residual glass phase,
the type of crystalline phase and the degree of densifica-
tion all affect the Q X f value. It can be estimated that the
QX f values of BaZn,(PO,),, Zn;(PO,), and Zn;(BO;),
exceed 15,000 GHz, respectively [6, 29]. With the increase
of sintering temperature, the sample gradually becomes
dense and the degree of crystallinity also increases. It is
clear that the Q X f value of glass ceramics elevating with
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Table 2 Sintering temperature
and dielectric properties of

some glass—ceramic systems

Glass—ceramic system Sintering tem- €, QXxf(GHz) t; (ppm/°C)
perature (°C)

Ca0-B,05-Si0, [19] 800-950 5.5-6.5 1500-5000 -51

MgO-B,05-Si0, [20] 850-950 6.1-6.9 5000-8000 -

CuO-B,0;-Li,0 [31] 625 5.84 10,120 -33

Ca0-B,05-Si0,+La,05 [32] 825 4.1 8800 -

BaO-ZnO-B,0;—P,05 [this work] 550-740 4.02-4.18 3300-12,250 —-15t05.3

the increase of the total crystalline phase. At 550 °C, the
glass ceramics have the minimum Q X f value, which is
due to the low sintering temperature, resulting in a large
number of glass phases with low Q X f value and low den-
sity in the system. With further enhancing temperature
from 600 to 700 °C, the decrease in the content of glass
phase and pore results in obvious increase of Q X f values
monotonously because the precipitated crystal phases have
a higher Q X f value than that of glass phase. Assuredly, the
Q xf value has been a great improvement because of dense
microstructure. At 740 °C, the crystalline phase composi-
tion is almost parallel, and the Q X f value shows a signifi-
cant decrease, which could be attributed to the increase
of porosity in the sample caused by excessive sintering.

Figure 8 exhibits the 7, values of BZBP glass—ceramics
at different temperatures. It is found that the 7, values vary
slightly from — 1.5 to 3.5 ppm/°C. Obviously, the 7, value
is not sensitive to sintering temperature. In a word, all the
glass—ceramics have good thermal stability.

To evaluate chemical compatibility of silver electrode
with the glass—ceramic substrate, 20 wt% Ag powders
were mixed with precursor glass powders and sintered at
700 °C for 150 min [30]. Figure 9 illustrates the XRD,
SEM and EDS results of co-fired sample. It is found that
only BaZn,(PO,),, Zn;(PO,),, Zn;(BO;), and Ag can be
observed, indicating the absence of any reaction nearly
between glass—ceramic and silver. From the SEM micro-
graphs, white region is on behalf of silver, whereas the dark
regions are depicted as glass—ceramic material. Hence,
the obtained glass—ceramics meet the demand for LTCC
application.

Comparing with some glass—ceramic materials with
low permittivity, as displayed in Table 2, the as-prepared
glass—ceramic has reasonable processing temperatures and
good microwave dielectric properties.

4 Conclusions
The 10Ba0O-40Zn0O-15B,0;-35P,05 (Wt%) glass—ceram-
ics were fabricated by traditional solid phase method. The

change of sintering temperature has a considerable influence
on the phase composition, micro-structural morphology and
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microwave dielectric performance. The optimal dielectric
properties of £,.=4.16, Q xf=12,250 GHz (13.61 GHz) and
T=—1.5 ppm/°C could be obtained at 700 °C for 150 min.
The as-manufactured glass—ceramic, which possesses good
chemical compatibility and microwave dielectric properties,
is suitable for LTCC applications.
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